a2 United States Patent

Chen et al.

US009225478B2

US 9,225,478 B2
Dec. 29, 2015

(10) Patent No.:
(45) Date of Patent:

(54) SUPPORTING MEASURMENTS AND
FEEDBACK FOR 3D MIMO WITH DATA
TRANSMISSION OPTIMIZATION

(71)

(72)

(73)

")

@

(22)
(65)

(60)

(1)

(52)

Applicants:

Inventors:

Assignee:

Notice:

Appl. No.:

Filed:

US 2014/0003240 A1

Xiaogang Chen, Beijing (CN); Alexei
Davydov, Nizhny Novgorod (RU);
Qinghua Li, San Ramon, CA (US);
Yuan Zhu, Beijing (CN); Gregory V.
Morozov, Nizhny Novgorod (RU);
Jong-Kae Fwu, Sunnyvale, CA (US);
Seunghee Han, Kyoungkido (KR);
Huaning Niu, Milpitas, CA (US);
Rongzhen Yang, Shanghai (CN)

Xiaogang Chen, Beijing (CN); Alexei
Davydov, Nizhny Novgorod (RU);
Qinghua Li, San Ramon, CA (US);
Yuan Zhu, Beijing (CN); Gregory V.
Morozov, Nizhny Novgorod (RU);
Jong-Kae Fwu, Sunnyvale, CA (US);
Seunghee Han, Kyoungkido (KR);
Huaning Niu, Milpitas, CA (US);
Rongzhen Yang, Shanghai (CN)

INTEL CORPORATION, Santa Clara,
CA (US)

Subject to any disclaimer, the term of this
patent is extended or adjusted under 35

U.S.C. 154(b) by 174 days.
13/728,778
Dec. 27, 2012

Prior Publication Data
Jan. 2, 2014

Related U.S. Application Data

Provisional application No. 61/667,325, filed on Jul. 2,

2012.
Int. Cl.
HO04W 4/00 (2009.01)
HO4L 1/18 (2006.01)
(Continued)
U.S. CL
CPC ............ HO4L 1/1861 (2013.01); HO4L 1/1812

(2013.01); HO4L 5/0053 (2013.01);

(Continued)

1000
™

(58) Field of Classification Search
USPC ....ccovueneee 370/235-253, 255-252, 328-345,
375/267-295; 455/450-562, 423-446;
342/373-379
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

7,088,997 B1* 82006 Boehmke ................. 455/423
8,619,904 B2* 12/2013 Hammarwall etal. ....... 375/296

(Continued)
FOREIGN PATENT DOCUMENTS
WO 2014/008072 Al

OTHER PUBLICATIONS

1/2014

Bell et al., “Considerations on CSI feedback enhancements for high-
priority antenna configurations”, R1-112420, 3GPP TSG-RAN WG1
#66, Athens, Greece, Aug. 22-26, 2011, 7 pages.

(Continued)

Primary Examiner — Man Phan
(74) Attorney, Agent, or Firm — Thorpe North & Western

(57) ABSTRACT

Technology is discussed for supporting wireless communica-
tion paths from an antenna array with a vertical directional
component. Examples reduce training feedback for increased
numbers of communication paths by only reporting on a
subset of Reference Signals (RSs) provided for various ver-
tical beam configurations. Additional examples reduce feed-
back with virtual measurements based on a difference
between RS measurements. One such measurement can come
from full set of RSs for a reference beam configuration and
another from a partial set of RSs for an additional beam
configuration. Such virtual measurements can also be based
on cross correlation for beamforming weights associated with
the two configurations. Several examples of preparing and
sending measurement reports consistent with Third Genera-
tion Partnership Project (3GPP) Long Term Evolution (LTE)
standards are discussed. The supporting technology also
increases diversity and reduces a power differential between
spatially multiplexed layers transmitting a common code-
word.

29 Claims, 12 Drawing Sheets

Recaive, at a UE from en aNodeB, reference CSI-RS resources

configured for a full set of antenna ports for  first vertical beam

configuration, and a set of additional CSI-RS resources configurad for at [\.~1010

least one subset of the full set of anterina ports for a set of additional
vertical bearn configurations.

Measure reference channel response information for the reference CSI- 1020
| response information for the setof [\~
RS resources.

RS resource and additional channel
additional CSI-§

Calcuiats an offset batwaen the first varticai beam corfiguration and at

least one of the set of additional verticai beam configurations withthe | ~_-1030

refarence channa! response information and the additional channel
fesponse information.




US 9,225,478 B2

Page 2
(51) Int. CI. 8,675,589 B2* 3/2014 Koetal. .....cocvvrivvnnene 370/329
HO4W 28/08 (2009.01) 8,675,762 B2* 3/2014 Cheng etal. .. 375/267
HO4W 24/10 (200901) 8,767,581 B2 * 7/2014 Yamada .......... ... 370/252
8,897,780 B2* 11/2014 Lindoffet al. .. ... 455/436
Ho4w 72/04 (2009'01) 8,913,682 B2* 12/2014 Nametal. ... .. 375/267
HO04W 52/02 (2009.01) 8,028,528 B2*  1/2015 Hareletal. ... 342373
Ho4W 72/00 (2009.01) 2005/0272472 Al* 12/2005 Goldbergetal. ......... 455/562.1
HO4W 92/02 (2009.01) 2010/0238824 Al 9/2010 Farajidana et al.
HO4L 5/00 (2006.01) 2010/0310001 Al  12/2010 Yeh et al.
HO4W 36722 (2009.01) 2011/0085587 Al* 4/2011 Moulsleyetal. ........... 375/219
HO04L 5/14 (2006.01) 2011/0103504 Al 5/2011 Ma
2011/0199992 Al* 8/2011 Barkeretal. ............. 370/329
HO4W 48/12 (2009'01) 2011/0274188 Al 112011 Sayana et al.
H04W 68/00 (2009.01) 2012/0188976 Al* 72012 Kimetal. wooorocn.n.n 370/329
HO4W 88/08 (2009.01) 2012/0282935 Al* 11/2012 Koivisto etal. ............ 455/450
(52) U.S. CL 2013/0116011 Al* 5/2013 Leeetal. ... ... 455/562.1
CPC ........... HO04L5/0055 (2013.01); HO4L 5/0073 2013/0265899 Al* 10/2013 Sayanaetal. ............ 370/252
(2013.01); HO4L 5/14 (2013.01); HO4W 4/005 2013/0308714 Al* 11/2013 Xuetal. ... ... 375/267
(2013.01); HO4W 24/10 (2013.01); HO4W 2013/0315337 Al* 11/2013 Daietal. ... ... 375/267
28/08 (2013.01); HO4W 36/22 (2013.01); 2014/0003240 Al* 1/2014 Chenetal. ......ccovvennenne 370/235
HO4W 48/12 (2013.01); HO4W 52/0206
(2013.01); HO4W 52/0212 (2013.01); HO4W OTHER PUBLICATIONS
52/0245 (2013.01); HO4W 68/00 (2013.01);
HO04W 72/005 (2013.01); HO4W 72/042 Alcatel-Lucent, “Deployment Scenarios and Assumptions”,

(56)

8,675,587 B2*

(2013.01); HO4W 72/046 (2013.01); HO4W
72/0413 (2013.01); HO4W 72/0446 (2013.01);
HO4W 92/02 (2013.01); HO4W 88/08
(2013.01); Y02B 60/50 (2013.01); YO2E 40/62
(2013.01)

References Cited
U.S. PATENT DOCUMENTS

3/2014 Puthenpuraetal. .......... 370/329

R4-123072, 3GPP TSG RAN WG4 Meeting #63, Prague, Czech
Republic, May 21-25, 2012, 3 pages.

ZTE, “Considerations of system coexistence simulation for AAS”,
R4-115575, 3GPP TSG RAN WG4 Meeting #61, San Francisco,

USA, Nov. 14-18, 2011, 5 pages.

International Search Report and Written Opinion received for PCT
Patent Application No. PCT/US2013/048001, mailed on Oct. 15,

2013, 13 pages.

* cited by examiner



US 9,225,478 B2

Sheet 1 of 12

Dec. 29, 2015

U.S. Patent




US 9,225,478 B2

Sheet 2 of 12

Dec. 29, 2015

U.S. Patent

dc¢ ol

qa0ce

V¢ 'Ol

e0ce

qs80c a90z

€802 8902



US 9,225,478 B2

U.S. Patent Dec. 29, 2015 Sheet 3 of 12

\\\\\\\\\\\

\\

e - S e o

———



U.S. Patent Dec. 29, 2015 Sheet 4 of 12 US 9,225,478 B2

FIG. 4

408

406




US 9,225,478 B2

Sheet 5 of 12

Dec. 29, 2015

U.S. Patent

G Old

mx wx vx NX
By9G BO9G 9GS BZGY
XS]
B29G|e8s4|eyes[e0ss

bylilil

I 1

I
I

L T IC
- |

I

029G |98BGGPPGSE 204G q2og|a8es|arec|anss

m_‘x mrx :X mx mﬁx m—x :X mx
I¥96 009G 096G 32686 av9s 909G g9gy 4Cse
mrx SX er ovx EX EX N_‘X ovx




US 9,225,478 B2

Sheet 6 of 12

Dec. 29, 2015

U.S. Patent

9 '9Old

% X "™ X

Y00 2099 9GO BZGO
LS
B299128399|Ev59[E0S9

POVl

mrx

J8G9|av99(a089
mFX mrx :X mx
a¥99 A099 4969 9CS9

SX N_X orx



U.S. Patent

Dec. 29, 2015

Sheet 7 of 12

US 9,225,478 B2

potential channel measurement messages

Case 1: PUCCH 1-1, 4 horizontal antenna

710
type 5a type2
RVCSH_idx WB_PMI/
3D_cal
e o e e e e e e e e e s e -
|=—————————————
type 3 new type
RI WB_PMI/
CSi_idy/
3D_cal

108
Case 2: PUCCH 1-1: 8 horizontal antenna
718
| | Alt 1
| I718
: : type 5a type 2¢
| | RUCSIidx | | WEB_PMI/
| | WB_PMi2/
| | 3D_caQl
e e o e e e e e e e e S e o
1 r-r-———-—""-"""-"=---"-"-=-=-
I | Alt 2
| | 720
I I type 3 type 2e
| I CSi_idx/
| I Voo & wB_PMI1/
| | pes WB_PMI2
| | 3D_cal
- -

704

Case 3: PUCCH 2-1, 4 horizontal antenna

122

type 5
RI/CSI_idx

type 2

WB_PMI/
3D_cal

tvpe 1

SBCQI_3D
SBCQI_3D
SBCQI_3D

..

702

FIG. 7




US 9,225,478 B2

Sheet 8 of 12

Dec. 29, 2015

U.S. Patent

a8 'oOld v8 ‘Ol

A.Nv:la:\\ A.Nv Q)Rv,\ﬂ. ‘ |
: (") M= g# uoenb3 () o (1) S.ﬁ
ACS%\ stv% Qv:vk Amx@\ﬁ = Qv:v“ﬁ p# uolenb3

(1) (4 (D), .4
> (0) ()
>

L# uoenby
b 0 ox uonenb
1 0 i & uofenb3 )
g o
= 0 Z# uonenb3
0 -2 1
1 .IN C O
0 o
0 7 074 0 1 o|=0a
= (1 0 0 I 0 0 1
(1) * (Dt Qvﬁv% () Amv\m
o aMa™m=] | ckuopenbs (DX [AOT(*Dpm=| (1) A | 1#uonendbs
(1) o) * (D) (D) ¥ (1) 4



U.S. Patent

Dec. 29, 2015

Sheet 9 of 12

US 9,225,478 B2

device
902

receive module
906

selection module
908

preparation module
910

|
|
|
|

reporting module
912

N 2 A 2 N

7

904

FIG. 9



U.S. Patent Dec. 29, 2015 Sheet 10 of 12 US 9,225,478 B2

1000
IR

Receive, at a UE from an eNodeB, reference CSI-RS resources

configured for a full set of antenna ports for a first vertical beam

configuration, and a set of additional CSI-RS resources configured for at "\~ 1010

least one subset of the full set of antenna ports for a set of additional
vertical beam configurations.

Measure reference channel response information for the reference CSI- 1020
RS resource and additional channel response information for the set of "\~
additional CSI-RS resources.

Calculate an offset between the first vertical beam configuration and at
least one of the set of additional vertical beam configurations with the
reference channel response information and the additional channel
response information.

L ~\_~1030

FIG. 10



U.S. Patent Dec. 29, 2015 Sheet 11 of 12 US 9,225,478 B2

1100
[

Generate a column vector, at an eNodeB, with multiple symbols from a

common codeword, wherein the column vector has a length equal to an /\/1 110

Rl and each symbol in the column vector is assigned to a spatial
multiplexing layer.

Muttiply the column vector by a rotation matrix, wherein the rotation matrix
combines symbols from the common codeword to equalize transmission
signals among the symbols from the common codeword to reduce 1120
differences arising from differing characteristics in muitiple spatial
muttiplexing layers for the symbols from the common codeword.

Multiply by a precoding matrix so that the symbols in the column vector L ~_ 1130
are prepared for transmission from the eNodeB to a UE.

FIG. 11



U.S. Patent Dec. 29, 2015 Sheet 12 of 12 US 9,225,478 B2

Wireless
Device \

Multiple
Antennas

NSNS I Non-Voiatile
! ! | Memory Port

[RUP RPN

Speaker ™ N Speaker

(LCD) Screen and/or

]— Liquid Crystat Display ‘[
Touch Screen Display

' Application |

! Processor |1
_______ o4

e
| Graphics |
| Processor |

JA O O O O
A O o o
S R O O O
A U U
L O ]
S

Microphone

> Keyboard

FIG. 12



US 9,225,478 B2

1
SUPPORTING MEASURMENTS AND
FEEDBACK FOR 3D MIMO WITH DATA
TRANSMISSION OPTIMIZATION

RELATED APPLICATIONS

This application claims the benefit of and hereby incorpo-
rates by reference U.S. Provisional patent application Ser.
No. 61/667,325, filed Jul. 2, 2012.

BACKGROUND

Data load and throughput requirements placed on Wireless
Wide Area Networks (WWANSs) continue to increase. Some
reasons for these increases include the ubiquitous use of cell
phone technologies and the accelerated adoption of smart
phones and tablets, with the data- and throughput-intensive
services, such as streaming video, which these devices offer.
Various multiple antenna techniques can be employed in
WWAN environments to meet these increasing data and
throughput demands with improved spectral efficiency.

For example, multiple antenna techniques can be used to
achieve advantages such as diversity gain, array gain, and
spatial multiplexing gain. Although some of these advantages
have been realized by the implementation of multiple antenna
techniques in wireless communication standards, large gains,
indicated by the theoretical potential of various multiple
antenna techniques, remain. Drawing on this untapped poten-
tial can provide one way of meeting increasing demands.

However, several obstacles exist to meeting increasing
demands with theoretical gains from multiple antenna tech-
niques. For example, barring the creation of an entirely new
WWAN standard, implementation of new multiple antenna
techniques takes place within the confines of existing WWAN
standards. Implementation can involve meeting demands
placed on new techniques imposed by existing wireless stan-
dards. Furthermore, implementation may involve working
around existing infrastructure and limits imposed by existing
standards. Therefore, harnessing gains from potential mul-
tiple antenna techniques requires innovation to determine
multiple antenna techniques suitable to existing WWAN stan-
dards and to implement such techniques within those stan-
dards.

BRIEF DESCRIPTION OF THE DRAWINGS

Features and advantages of the invention will be apparent
from the detailed description which follows, taken in con-
junction with the accompanying drawings, which together
illustrate, by way of example, features of the invention; and,
wherein:

FIG. 1A is a block diagram illustrating the use of an array
with multiple antenna elements to achieve a certain degree of
diversity gain and spatial multiplexing gains consistent with
existing Wireless Wide Area Network (WWAN) standards;

FIG. 1B is a block diagram illustrating the use of an array
that can take advantage of a trend in WWAN standards that
accommodates increasing numbers of antenna elements to
achieve large increases in diversity gains and spatial multi-
plexing gains by opening up a new, vertical dimension in
which these gains can be achieved;

FIG.2A is ablock diagram illustrating spatial multiplexing
with respect to a vertical dimension consistent with a coherent
WWAN, such as a WWAN consistent with the Third Genera-
tion Partnership Project (3GPP) Long Term Evolution (LTE)
standards, that relies on channel measurement reports to
obtain channel knowledge, consistent with various examples;
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FIG. 2B is a block diagram illustrating an optimization of
vertical beam configurations with respect to a UE distribu-
tion, consistent with various examples;

FIG. 3A is a block diagram illustrating potential unequal
load distributions with respect to different vertical beams
formed through spatial multiplexing, consistent with various
examples;

FIG. 3B isablock diagram illustrating a contributing factor
to potential unequal load distributions with respect to differ-
ent vertical beams formed through spatial multiplexing, con-
sistent with various examples;

FIG. 4 is a block diagram illustrating the allocation of
resources, such as Channel State Information-Reference Sig-
nals (CSI-RSs) to accommodate for differing loads associ-
ated with different vertical beams formed through spatial
multiplexing, consistent with various examples;

FIG. 5 is block diagram illustrating reduced channel mea-
surement overhead for spatial multiplexing based on a virtual
measurement derived from a difference calculated between a
full antenna port measurement and a partial antenna port
measurement for two differing vertical beam configurations,
consistent with various examples;

FIG. 6 is block diagram illustrating reduced channel mea-
surement overhead for vertical spatial multiplexing based on
cross-correlation, consistent with various examples;

FIG. 7 is a block diagram illustrating various potential
scenarios for reporting Channel State Information (CSI) that
can accommodate vertical spatial multiplexing consistent
with 3GPP LTE standards, consistent with various examples;

FIG. 8A is a block diagram illustrating the optimization of
downlink data transmission in a multiple antenna environ-
ment that supports three or more layers of spatial multiplex-
ing through Cyclic Delay Diversity and rotation matrices,
consistent with various examples;

FIG. 8B is a block diagram illustrating the optimization of
downlink data transmission in multiple antenna environments
that supports more than three layers of spatial multiplexing
through Cyclic Delay Diversity and rotation matrices, con-
sistent with various examples;

FIG. 9 is a block diagram illustrating a device, operating at
a User Equipment (UE), for reducing feedback overhead
associated with multiple vertical beams from a two-dimen-
sional antenna array for wireless communication, consistent
with various examples;

FIG. 10 is a flowchart depicting a process for reducing
feedback overhead associated with multiple vertical beams
from a two-dimensional antenna array for wireless commu-
nication, consistent with various examples;

FIG. 11 is a flowchart depicting a process for introducing
diversity to and reducing a power differential between mul-
tiple spatial multiplexing layers transmitting a common code-
word, consistent with various examples; and,

FIG. 12 is a block diagram of a UE in accordance with
various examples.

Reference will now be made to the exemplary embodi-
ments illustrated, and specific language will be used herein to
describe the same. It will nevertheless be understood that no
limitation of the scope of the invention is thereby intended.

DETAILED DESCRIPTION

Before the present invention is disclosed and described, it
is to be understood that this invention is not limited to the
particular structures, process steps, or materials disclosed
herein, but is extended to equivalents thereof as would be
recognized by those ordinarily skilled in the relevant arts. It
should also be understood that terminology employed herein
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is used for the purpose of describing particular embodiments
only and is not intended to be limiting.

Definitions

As an important statement of the generality of examples
discussed in this disclosure, while the terminology of the
Third Generation Partnership Project (3GPP) Long Term
Evolution (LTE) standard is often used throughout this speci-
fication, it is not intended to be limiting, and there are excep-
tions in the use of more general terminology in portions of this
specification to further communicate this point.

Different terminology for wireless mobile devices is used
in different specifications. As used herein, a wireless mobile
device can be a User Equipment (UE) or a Mobile Station
(MS), among other possibilities. Throughout this application,
the terms wireless mobile device, UE, and MS can be used
interchangeably.

As used herein the term “transmission point” is defined as
a wireless communication device in a Wireless Wide Area
Network (WWAN) configured to communicate with a plural-
ity of wireless mobile devices located within a geographic
region referred to as a coverage area. Different terminologies
for transmission points are used in different specifications.
Terminology used for different variations of a transmission
point can include, but are not limited to, a Base Station (BS),
an evolved Node B (eNodeB), a WWAN transmission point,
a transmission point, a wireless transmission point, and a
WWAN node. The terms are used interchangeably, unless
otherwise noted. The actual definitions for a BS, or eNodeB,
are provided in their Institute of Electronics and Electrical
Engineers (IEEE) 802.16 and Third Generation Partnership
Project (3GPP) specifications.

As used herein, the term “substantially” refers to the com-
plete or nearly complete extent or degree of an action, char-
acteristic, property, state, structure, item, or result. For
example, an object that is “substantially” enclosed would
mean that the object is either completely enclosed or nearly
completely enclosed. The exact allowable degree of deviation
from absolute completeness may in some cases depend on the
specific context. However, generally speaking, the nearness
of completion will be so as to have the same overall result as
if absolute and total completion were obtained. The use of
“substantially” is equally applicable when used in a negative
connotation to refer to the complete or near complete lack of
an action, characteristic, property, state, structure, item, or
result.

Other terms may be defined elsewhere in the body of this
specification.

Example Embodiments

An initial overview of technology embodiments is pro-
vided below and then specific technology embodiments are
described in further detail later. This initial summary is
intended to aid readers in understanding the technology more
quickly but is not intended to identify key features or essential
features of the technology, nor is it intended to limit the scope
of the claimed subject matter.

By way of preliminary explanation, the teachings in this
application claim priority to U.S. Provisional patent applica-
tion Ser. No. 61/667,325, filed Jul. 2, 2012, before the official
release of Release 11 of the Third Generation Partnership
Project (3GPP) Long Term Evolution (LTE) standard. How-
ever, the innovations disclosed in that provisional and in the
present application were made under an understanding that
certain functionalities would be incorporated into Release 11.
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The official release of Release 11 does in fact incorporate
those functionalities. For purposes of enablement, many of
those functionalities, presupposed by the current disclosure,
are referenced herein to Release 11, as official released in the
third quarter of 2012. The disclosure follows herein below.

To more fully realize potential gains, such as diversity gain,
array gain, and spatial multiplexing gain, of multiple antenna
techniques, arrays with greater numbers of antenna elements
can be deployed. The additional antennas involved, their
potential configurations, and their capabilities can be inte-
grated within existing wireless communication standards,
such as the Third Generation Partnership Project (3GPP)
Long Term Evolution (LTE) standard.

Increased numbers of antenna elements can be used to
provide further directionality for a radiation beam used as a
communication path. As can be appreciated, spatial multi-
plexing gain can be enhanced in this way. For example, an
antenna array with a larger number of elements can be con-
figured in two dimensions to create a two dimensional (2D)
antenna array. The 2D array can form a radiation beam, or a
communication path, that has a pointing capability that can be
defined both horizontally and vertically. As can also be appre-
ciated, such enhanced spatial multiplexing can be used to
enhance Multiple Input Multiple Output (MIMO) technolo-
gies to increase spectral efficiency.

Furthermore, antenna elements can be combined in all
manner of ways to form one or more virtualized antennas, as
set forth, for example, in Release 11 of the 3GPP LTE stan-
dards. At a certain level, such as from the perspective of a
Uniform Equipment (UE), component elements of a virtual-
ized antenna can be transparent, such that multiple antenna
elements can appear as one antenna. For example, although
MIMO technologies have been standardized to support two,
four, and eight antennas as of Release 11 of the 3GPP LTE
standards, an operator can deploy a physical antenna array
with many more than eight antenna elements.

To fully exploit the power associated with the increased
spatial diversity and/or numbers of communication paths that
can be provided by antenna arrays with increased numbers of
antenna elements, such as 2D arrays, accommodations can be
made to existing wireless communication standards. Such
accommodations can include adjustments to reduce overhead
for feedback and/or training associated with increased num-
bers of spatial layers. The accommodations can include uti-
lization of existing reporting resources for channel informa-
tion associated with the communication paths. Additional
accommodations can address the use of codewords for
increased numbers of spatial layers.

For example, channel information feedback from UEs can
be reduced for increased numbers of communication paths by
configuring UEs with a selection module. The selection mod-
ule can select a subset of communication paths, such as a
particular vertical beam configuration, for which to report
channel information to the exclusion of other communication
paths/beam configurations/spatial layers. The selection can
be made on the basis of measurements of Reference Signals
(RSs), such as Channel State Information-Reference Signals
(CSI-RSs) in the context of the 3GPP LTE standards, corre-
sponding to the various communication paths/beam configu-
rations/spatial layers. In some examples, the selection can be
made, for example, based on a superior spectral efficiency.

As an additional example, channel information feedback
from UEs can be reduced for increased numbers of commu-
nication paths/beam configurations/spatial layers by report-
ing virtual measurements. One example of such a virtual
measurement can be based on an offset. The offset can be
calculated based on a difference between a reference RSs for
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a reference beam configuration and an additional RS for an
additional beam configuration. The reference RSs can be
configured for a full set of antenna ports, where each antenna
port can comprise a possible virtual antenna configuration, at
a first beam configuration. The additional RS can come from
a subset of additional RSs configured for a subset of antenna
ports from the full set of antenna ports for the additional
vertical beam configuration. The offset can be used to calcu-
late a virtual measurement for the full set of antenna ports of
the additional vertical beam configuration, without taking
measurements for all of the antenna ports of the additional
second beam configuration.

A second example of a virtual measurement can be based
on a cross correlation value between two vertical beamform-
ing weights for two vertical beam configurations. The beam-
forming weights for the first vertical beam configuration can
be communicated to a UE that calculates the cross correla-
tions. The UE can then determine beamforming weights
based on a measurement of a set of additional RSs for a subset
of antenna ports for the additional vertical beam configura-
tion.

Channel information can be reported from the UE back to
the eNodeB providing the RSs from which the channel infor-
mation was measured. For examples consistent with the
3GPP LTE standards, the report can be a Channel State Infor-
mation-Reference Signal (CSI-RS) report that can comprise
various CSI message types. These various Channel State
Information (CSI) message types can be tailored to a number
of antenna ports and/or a Physical Uplink Control CHannel
(PUCCH) type, as discussed below.

In some examples, the multiple spatial layers that can be
generated by increasing antenna elements in an array can
result in a need to share codewords for Downlink (DL) data
transmissions, such as Physical Downlink Shared CHannel
(PDSCH) transmissions consistent with LTE standards. This
concern can have particular force in the context of the 3GPP
LTE standards where only two codewords are available.
However, an energy differential between spatial communica-
tion paths, or layers, sharing a common codeword can be
reduced by multiplying a column vector carrying symbols
from those layers by a rotation matrix. By multiplying by the
rotational matrix, the symbols from the common codeword
can be combined to equalize transmission energy. Additional
spatial diversity can also be generated for the layers by mul-
tiplying by a Cyclic Delay Diversity (CDD) matrix. A more
detailed discussion follows below.

FIG. 1A depicts the use of an array 102a comprising eight
antenna elements (a representative antenna element 104 is
indicated with an arrow) to achieve a certain degree of spatial
multiplexing with respect to a horizontal dimension. Each of
the antenna elements can correspond to an antenna port. Eight
antenna elements are depicted, consistent with the maximum
eight antenna ports supported for MIMO in the 3GPP LTE
standards, but other numbers of antenna ports and/or ele-
ments are also possible, such as the two and four antenna ports
also supported for MIMO in the 3GPP LTE standards.

Three arrows emanating from the array 102« in different
directions, two dashed arrows to the right and left and a solid
arrow normal to the plane of the array, depict the direction-
ality that the array can create for communication paths with
respect to a single horizontal dimension. The array can be
mounted on a transmission point 1064, such as an eNodeB,
with a corresponding coverage area 108a. The horizontal
directivity provided by the array is depicted by three different
beam direction geometries, from left to right 110a, 1124, and
114a. A beam direction geometry can depict a region with
respect to the transmission point where a corresponding sig-
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6

nal is highest, but the corresponding signal may be present in
other regions as well. The curved arrow indicates that the
three different beam direction geometries belong to a con-
tinuum of different possibilities.

FIG. 1B depicts the use of an array 1025 with an increased
number of antenna elements, such that a 2D array can be
formed. The 2D array comprises a set of eight columns (a
representative column 116) is indicated with an arrow). As
can be appreciated, the 64 antenna elements outnumber the
eight maximum antenna ports that are supported for MIMO in
the 3GPP LTE standards and likely outnumber other maxi-
mum support numbers for other standards. However, multiple
antenna elements can be combined into a virtual antenna,
such as described for Release 11 of the 3GPP LTE standards,
corresponding to a single antenna port. For example, each
row or column could correspond to a single antenna port. Any
combination of antenna elements could make up an antenna
port.

Three arrows emanating from the array 1025 in different
directions, two dashed arrows above and below a solid arrow
normal to the plane of the array, depict the directionality that
the array can create for communication paths with respect to
a vertical dimension. The array can be mounted on a trans-
mission point 1065, such as an eNodeB, with a corresponding
coverage area 1085.

The vertical directivity provided by the array is depicted by
two different beam direction geometries, a first beam direc-
tion geometry 118 closer to the transmission point 1065 and
a second beam direction geometry 120 further away. As
before, a beam direction geometry can depict region with
respect to the transmission point where a corresponding sig-
nal is highest, but the corresponding signal can be present in
other regions as well. The curved arrow indicates that the two
different beam direction geometries belong to a continuum of
different possibilities.

Although vertical elements of the array 1024 allow for
vertical directionality, as depicted in FIG. 1B, the horizontal
elements also make horizontal directionality possible, as also
described with respect to FIG. 1A. Therefore the communi-
cations can be directed in two dimensions to point toward a
location in three dimensional space. The extra dimension can
greatly increase the number of possibilities for directionality,
allowing for increased numbers of communication paths,
beam configurations, or layers, for spatial multiplexing.
Throughout this application, the number of communication
paths, beam configurations, or layers for spatial multiplexing
can be referred to as the “rank.” The spatial diversity can be
used to further approach theoretical possibilities for MIMO.
The use of a 2D array in this way is referred to in this appli-
cation as Three Dimensional (3D) MIMO.

The ability to vertically tilt beams/communication paths
afforded by a 2D array can be used to vertically tilt beams/
communication paths to point to near and far users, respec-
tively. However, such vertically tilted beams/communication
paths require support. For example, coherent WWANS, such
as a WWAN consistent with the 3GPP LTE standards, rely on
channel measurement reports to obtain channel knowledge.
This channel knowledge can be used to insure communica-
tions over vertically tilted beams/communication paths and to
train and optimize those vertically tilted beams/communica-
tion paths.

FIG. 2A depicts spatial multiplexing with respect to a
vertical dimension in relation to UEs from which channel
knowledge can be obtained. An eNodeB 206a is depicted
together with a portion of a corresponding coverage area
208a. A 2D array 1025 disposed at the eNodeB can be
employed to configure a first vertical beam configuration with
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a corresponding beam direction geometry 218a pointing
downward to a region near the eNodeB. The 2D array 1025
disposed at the eNodeB can also be employed to configure a
second vertical beam configuration with another correspond-
ing beam direction geometry 220a pointing outward to a
region further away from the eNodeB.

The first vertical beam configuration 2184 can be pointed
downward to a region in which a first UE 2224 is located. The
more outward region of the second vertical beam configura-
tion 2204 can be more directed toward a second UE 224a. As
before, a beam direction geometry can depict region with
respect to the transmission point where a corresponding sig-
nal is highest, but the corresponding signal may be present in
other regions as well. Study indicates that two vertical beam
configurations can provide marked gains. However, a single
vertical beam configuration and more than two vertical beam
configurations are consistent with many examples.

Communications can be supported over the first vertical
beam configuration 2184 and the second vertical beam con-
figuration 220a by coherent channel estimation techniques
that can rely on Reference Signals (RSs) known to the first UE
222a and the second UE 2244 and transmitted by the eNodeB
206a. A UE can make a measurement of a RS and report back
the measurement to the eNodeB to provide channel informa-
tion. In examples consistent with the 3GPP LTE standards,
the RSs can comprise CSI-RSs.

For example, the eNodeB 206a can configure multiple
RS/CSI-RS resources. An RS/CSI-RS resource can be verti-
cally beamformed with a beamforming vector. Different
RS/CSI-RS resources within the multiple RS/CSI-RS
resources can be configured to be vertically beamformed
differently, with different beamforming vectors. With respect
to FIG. 2A, for example, one or more RS/CSI-RS resources
can be configured for the first vertical beam configuration
218a, and one or more RS/CSI-RS resources can be config-
ured for the second vertical beam configuration 220a.

Although the beam direction geometry of the first vertical
beam configuration 218a is depicted as being directed to the
location of the first UE 2224 and the beam direction geometry
of'the second vertical beam configuration 220a is depicted as
being directed toward the second UE 224a, as stated, trans-
missions corresponding to both vertical beam configurations
can be received throughout the portion of the coverage area
208a corresponding to the eNodeB 2064. Therefore, the first
UE and/or the second UE can report measurements for both
the first vertical beam configuration 2184 and the second
vertical beam configuration 220a. Similarly, the first UE, the
second, and/or additional UEs can report measurements for
greater numbers of vertical beam configurations.

For example, a UE 222a, 2244 can be configured with a
reporting instance, such as a CSI/RS report resource, per
RS/CSI-RS resource to provide information for multiple ver-
tical beam configurations, such as the first beam configuration
218a and the second vertical beam configuration 220a in FIG.
2 A and, potentially, all vertical beam configurations. Depend-
ing on the example, the Interference Measurement Resources
(IMRs) for multiple CSI/RS reporting instances can be the
same or different. Configuring a UE with multiple reporting
instances for multiple different beam configurations, albeit
not specifically vertical beam configurations, is already sup-
ported within the specification of Release 11 of the 3GPPLTE
standards. However, one drawback for this scheme is the CSI
feedback overhead increases linearly with the number of
semi-static beamformed RS/CSI-RS resources for which a
UE is configured with a reporting instance.

In some examples, in order to assist the network in the
configuration of static beams in relation to UEs for measure-
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ments of RS/CSI-RS resources, one or more UEs can provide
reports, such as Reference Signal Received Power (RSRP)
and Reference Signal Received Quality (RSRQ) messages in
the 3GPP LTE standards. Such reports can be used to adjust
one or more vertical beam configurations to better coincide
with a distribution of UEs.

FIG. 2B depicts an optimization of vertical beam configu-
rations with respect to a UE distribution. As with the previous
figure, an eNodeB 20656 is depicted together with a portion of
a corresponding coverage area 208b. A first vertical beam
configuration with a corresponding beam direction geometry
2185 and a second vertical beam configuration with another
corresponding beam direction geometry 2205 are also
depicted with respect to the first UE 2224 and the second UE
224b.

The first UE 2224 and the second UE 224b are depicted in
the same locations relative to the eNodeB 2065 in FIG. 2A
and FIG. 2B. Also, the first vertical beam configuration 2185
is tilted in relation to the first UE 2225 in the same way in FIG.
2A and FIG. 2B. However, the relative tilting of the second
vertical beam configuration 2225 with respect to the second
UE 224b has been optimized in relation to the second UE so
that the second vertical beam configuration is tilted to be
centered upon the second UE.

To accomplish such an optimization, an iterative process
can be used whereby one or more UEs within a UE distribu-
tion provide reports of RS/CSI-RS measurements, such as
RSRP and RSRQ messages. One or more vertical beam con-
figurations can then be adjusted by a predetermined amount
toward or away from the eNodeB 2065. One or more addi-
tional RS/CSI-RS resources can then be provided and one or
more measurements made. This process can continue until
one or more vertical beam configurations are optimized with
respectto the relevant UE distribution. Vertical beam configu-
rations can be optimized in other ways as well.

FIG. 3A depicts potential unequal load distributions with
respect to different vertical beams formed through spatial
multiplexing. As in previous figures, an eNodeB 306a is
depicted together with a portion of a corresponding coverage
area 308a. A first vertical beam configuration with a corre-
sponding beam direction geometry 318a and a second verti-
cal beam configuration with another corresponding beam
direction geometry 320q are also depicted with respect to an
increased number of UEs (322a-328a).

The first vertical beam configuration 318a is directed
downward near the eNodeB 306a and toward the first UE
322a. The second vertical beam configuration 320a can be
directed outward from the eNodeB to three additional UEs, a
second UE 324a, a third UE 3264, and a fourth UE 328a. For
various reasons, it can commonly be the case that vertical
beam configurations directed further away from an eNodeB
can have larger loads than vertical beam configurations
directed closer to an eNodeB. For example, as can be appre-
ciated from FIG. 3A, the angle of incidence of the second
vertical beam configuration can result in the beam direction
geometry of the second vertical beam covering an increased
swath of the portion of the coverage area 308a corresponding
to the eNodeB 306a. FIG. 3B can be used to explain an
additional reason for higher potentials for higher loads for
vertical beam configurations directed away from an eNodeB.

FIG. 3B depicts an additional contributing factor to poten-
tial unequal load distributions with respect to different verti-
cal beams. Again, the eNodeB 3065 is depicted, but this time
amore complete coverage area 3085 all around the eNodeB is
depicted more from an angle closer to the normal of the plain
of'the coverage area. The coverage area can be discussed with
respect to four different quadrants.
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The lower, right-hand quadrant can be considered to per-
tain to the portion of the portion of the corresponding cover-
age area 308a depicted with respect to FIG. 3A. Within the
lower, right-hand quadrant, the first UE 32256 is depicted as
located within a first ring 3185, depicted with diagonal cross
hatching and corresponding to a vertical swath from the eNo-
deB 306a that can be illuminated by the beam direction geom-
etry of the first vertical beam configuration 318a, as rotated
around the eNodeB 306a. Also, the second UE 324a, the third
UE 3264, and the fourth UE 328a are depicted as located
within a second ring 3205, depicted with diagonal cross
hatching in the opposite direction and corresponding to a
vertical swath that can be illuminated by the beam direction
geometry of the second vertical beam configuration 320a
with a similar rotation.

As can be appreciated from the equation for the area of a
ring, A=rm(r,>-r,>), the greater the distances from the eNodeB
3065, the greater the area in which UEs can be disposed,
where the difference between the two radii of two rings are
equal. This result will hold true when the rings are subdivided
into quadrants, as in FIG. 3B. Furthermore, for the reason
discussed above, the distances between the radii correspond-
ing to vertical beam configurations further from an eNodeB
will be greater do to the larger footprints illuminated by the
corresponding smaller angles of incidence. Therefore, verti-
cal beam configurations directed further away from an eNo-
deB are likely to experience larger loads that can lead to an
unbalance.

FIG. 4 depicts the creation of multiple additional, more
finely configured vertical beam configurations to compensate
for potential imbalances further away within a portion of a
coverage area 408 of an eNodeB 406. A first UE 422 can be
located within the beam direction geometry of a first vertical
beam configuration 418. Five additional UEs 424, 426, 428,
430, and 432 can be located within an area corresponding to
the beam direction geometry of a second vertical beam con-
figuration 320 depicted in FIG. 3A. However, the second
vertical beam configuration has been replaced in FIG. 4 with
a second vertical beam configuration 420, a third vertical
beam configuration 434, and a fourth vertical beam configu-
ration 436, each with corresponding beam direction geom-
etries that are more narrow than the previous second vertical
beam configuration 320. A decision to increase a number of
beam configurations can result from an iterative process.

By increasing the number of vertical beam configurations,
imbalances can be reduced. As can be appreciated, the num-
ber of UEs within the beam direction geometry of any given
vertical beam configuration has been reduced from five to two
in FIG. 4. However, the additional numbers of vertical beam
configurations also can result in burdensome levels of over-
head.

For example, each vertical beam configuration can include
one or more RS/CSI-RS resources specific to that vertical
beam configuration. Vertical beam configurations can add
even more RS/CSI-RS resources to those previously existing
for beam configurations previously limited to a horizontal
domain. Additionally, each UE can be configured with a
different reporting resource for each RS/CSI-RS resource.
Although only a small number of UEs have been depicted in
the previous figures, larger numbers of UEs are consistent
with many examples. Furthermore, additional overhead can
be involved during iterative training processes, similar to
those discussed above.

The largest impact on the size of overhead in providing
channel information feedback can be the number of CSI-RS
resources configured by an eNodeB. Where the burden of
such overhead becomes too big, the number of UE reports can

10

15

20

25

30

35

40

45

50

55

60

65

10

become compressed. For example, UEs can be configured
with fewer numbers of reporting instances than RS/CSI-RS
resources transmitted in the various beam configurations.
Although UEs can continue to receive multiple RS/CSI-RS
resources for multiple different beam configuration, they can
limit their reports to a subset of such RS/CSI-RS resources.
UEs can continue to make measurements of the multiple
RS/CSI-RS resources that they receive. However, UEs can
select a subset of these measurements for which to respond
with a channel information report.

For purposes of illustrating an example, reference can be
made to FIG. 2B. The first vertical beam configuration 2185
and the second vertical beam configuration 2205 can both be
configured with RS/CSI-RS resources. Although the first UE
222b is centered within the beam direction geometry of the
first vertical beam configuration and the second UE 2245 is
centered within the beam direction geometry of the second
vertical beam configuration, as explained previously, trans-
mission from the first vertical beam configuration and the
second vertical beam configuration can be received by both
the first UE and the second UE. Both UEs can make measure-
ments of RS/CSI-RS resources configured for both vertical
beam configurations.

However, to reduce overhead, the first UE 22256 and the
second UE 224b can each select a subset of the RS/CSI-RS
resources, corresponding to either the first vertical beam con-
figuration 2185 or the second vertical beam configuration
2205, for which to provide a report. By selecting one beam
configuration, or the corresponding subset of RS/CSI-RS
resources, as reporting CSI-RS resource, multiplication of
CSI-RS reports for the multiple CSI-RSs resources can be
avoided by leaving a set of non-selected CSI-RS resources
unreported. In the example depicted in FIG. 2B, the first UE
can choose to report on the RS/CSI-RS resource(s) associated
with the first vertical beam configuration. The second UE can
choose to report on the RS/CSI-RS resource(s) associated
with the second vertical beam configuration.

The first UE 2225 and the second UE 2245 can make their
selections based on measurements of the RS/CSI-RS
resources for the two vertical beam configurations 2185,
220b. In some examples, the decision can be made on the
basis of vertical beam configuration demonstrates a superior
spectral efficiency. However, any other metric, or combina-
tion of metrics, based on measurements of beam configura-
tion transmissions can serve as a basis for making one or more
selections by a particular UE.

In many examples, the vertical beam configurations corre-
sponding to the multiple CSI-RS resources can be transparent
to UEs and selections can be based solely on values derived
from measurements. A UE can then prepare a report on chan-
nel information, such as a CSI-RS report, based on a selected
measurement. The UE can then send the report back to the
eNodeB associated with the vertical beam configuration mea-
sured and selected by the UE. In some examples, the report
can include a CSI-RS resource index for corresponding to the
vertical beam configuration selected by the UE.

After an eNodeB 2065 receives a report, including, for
example, a recommended CSI-RS index, the eNodeB can
determine one or more vertical beamforming weights. In
examples where reports indicate that there are much fewer
users in the cell center than the edge, the beam pointing to the
center may be allocated with less RS/CSI-RS resources,
which can correspond to an allocation of fewer antenna ports
at that vertical beam configuration. In certain examples, dif-
ferent vertical beam configurations can be configured with
different RS/CSI-RS resources by being configured with dif-
ferent repetition periods. In some examples, vertical beam
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configuration determinations can be made at a network level,
as opposed to at an individual eNodeB.

Although the preceding discussion focuses on two vertical
beam configurations, selections can be made from any num-
ber of vertical beam configurations. Also selections can be
made to report on a subset of vertical beam configurations
with more than one vertical beam configuration. Further-
more, the preceding techniques can be applied to beam con-
figurations generally, including to horizontal beam configu-
rations, not just for vertical beam configurations.

FIG. 5 depicts another example for reducing channel mea-
surement overhead associated with vertical spatial multiplex-
ing. A portion of a coverage areca 508 associated with an
eNodeB 506 is depicted. A beam direction geometry associ-
ated with a first vertical beam configuration 540 is depicted as
being directed downward to a first UE 542. Also depicted is a
beam direction geometry associated with a second vertical
beam configuration 544 directed outward from the eNodeB
toward a second UE 546.

Representations of a 2D array 548, deployed at the eNodeB
506, are depicted in FIG. 5. Three instances of the 2D array
(548a, 5485, 548¢) are depicted in terms of transmissions for
three different relationships between antenna ports, beam
configurations, and RS/CSI-RS reports. The three different
transmission relationships correspond to traditional
approaches for providing channel information feedback for
the first vertical beam configuration 540 and the second ver-
tical beam configuration 544 and new approaches that reduce
the amount of corresponding overhead. For each of these
three relationships, the 2D array is depicted with sixty-four
antenna elements (8x8=64). However, other numbers of
antenna elements are possible. Multiple antenna elements can
be configured to comprise a single virtual antenna.

A virtual antenna can correspond to an antenna port. Mul-
tiple antenna elements combined within a virtual antenna, or
antenna port, can be transparent to UEs 542, 546 deployed
within the partial coverage area 508, such that the multiple
antenna elements of the antenna port appear to the UEs as a
single antenna. Any combination of antenna elements can be
combined to form a virtual antenna, or antenna port. In
examples similar to the one depicted in FIG. 5, each of the
eight columns (550-564) of the 2D array 548 can comprise an
antenna port, e.g., X, X,, X3, X4, Xs, Xg X75 Xg. However,
in some examples, antenna ports can include multiple col-
umns, one or more rows, portions of one or more rows,
portions of one or more columns, all columns, or any other
combination.

Multi-beam antenna technologies, such as, by way of
example and not limitation, phased array multi-beam antenna
technologies, which can, but need not necessarily, employ
one or more Butler matrices, can be used to increase a number
of simultaneous beam configurations. Therefore, the same
antenna elements can be reused to create additional antenna
ports configured for simultaneous, but differing beam con-
figurations. Hence, the eight columns (550-564) of the 2D
array 548 can also be used to create eight additional antenna
ports, namely, X, X, X1, X2, X3, X145 X5, X, fOr the
second vertical beam configuration.

Channel response differences between antenna ports, due,
for example, to spatial and/or spectral diversity, can be
addressed by providing individual antenna ports with
RS/CSI-RS resources. Each antenna port can be configured to
transmit its own RS/CSI-RS resource. Additional antenna
ports can be configured with additional RS/CSI-RS resources
to allow for multiple different beam configurations.

Under traditional approaches for providing channel infor-
mation feedback, a different RS/CSI-RS resource can be pro-
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vided for each antenna port. For example, the eight antenna
ports (X, X,, X;, X,, X;, X4, X, X;) over which the first
vertical beam configuration 540 in FIG. 5 can be transmitted
can each have a RS/CSI-RS resource. Each of the antenna
elements in the first instance of the 2D array 548a for the first
vertical beam configuration has been filled in to indicate that
each of the eight antenna ports carries a different RS/CSI-RS
resource.

With respect to the second instance of the 2D array 5485,
additional antenna ports can be provided for transmission of
different beam configurations, such as the eight additional
antenna ports (X, X;g, Xi1s Xias X135 Xias Xs5 X1g) OVEr
which the second vertical beam configuration 544 in FIG. 5 is
transmitted. As with the first vertical beam configuration 540,
a different RS/CSI-RS resource can be provided for each new
antenna port for the second beam configuration for providing
channel information feedback, consistent with traditional
approaches. As can be appreciated, sixteen RS/CSI-RS
resources would be involved in the feedback overhead under
such traditional approaches, and this number could further be
multiplied for additional beam configurations.

With respect to the vertical beam configurations depicted
in FIG. 1B through FIG. 4, each of these vertical beam con-
figurations can similarly be configured for multiple antenna
ports. Therefore, each of these vertical beam configurations
can entail multiple RS/CSI-RS resources for the various
antenna ports configured for a vertical beam configuration. As
discussed, one way of reducing feedback overhead can
involve only providing reports of channel measurements for
RS/CSI-RS resources for a subset of the total beam configu-
rations.

However, additional new approaches can be applied to
reduce overhead caused by such a large number of RS/CSI-
RS resources, not only be reducing a number of reports on
RS/CSI-RS resources, but by reducing the number of
RS/CSI-RS resources themselves. According to examples
consistent with such approaches, RS/CSI-RS resources can
be provided for a full set of antenna ports for a first vertical
beam configuration. Conversely, for one or more additional
beam configurations, one or more additional RS/CSI-RS
resources can be provided for a partial subset of a full set of
antenna ports.

To a certain extent, the two different beamforming weights
applied to the different antenna ports to create the two beam
configurations can explain differences in the channel
responses for the two different configurations. Inasmuch as
the difference in vertical beamforming weights constitutes a
dominate common factor in determining differences in chan-
nel responses between antenna ports for two different beam
configurations, a difference between two antenna ports cor-
responding to two different beam configurations can be used
to determine differences for other antenna ports pertaining to
the two beam configurations.

For example, with respect to FIG. 5, each of the antenna
ports configured for the first vertical beam configuration,
antenna ports X, X,, X3, X,, X, X4, X, X, can transmit an
RS/CSI-RS resource specific to that antenna port. Again,
therefore, reference is made to the first instance of the 2D
array 548a, wherein antenna elements corresponding to the
various columns (550a-564a) that make up the eight afore-
mentioned antenna ports are filled in, indicating that each of
the eight antenna ports provides its own RS_CSI-RS
resource. Since each antenna port has its own RS/CSI-RS
resource, channel information feedback can be provided for
each antenna port.

Conversely, a third instance of the 2D array 548c¢ is
depicted with only a single column of antenna elements 550¢
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filled in, consistent with the new approaches described above.
The single column of antenna elements that has been filled in
corresponds to antenna port X, as configured for the second
vertical beam configuration. These antenna clements are
filled in to indicate that an RS/CSI-RS resource is provided
for antenna port X, corresponding to the first column of
antenna elements in the 2D array. An RS/CSI-RS resource is
not provided for the remaining antenna ports, namely,
antenna ports X5, X, X5, X 35 X140 X5 X 6 Which are
also configured for the second vertical beam configuration.
Therefore, the columns of antenna elements (552¢-564c¢) cor-
responding to antenna ports X, g, X 15 X2, X 35 Xias X150 X1
are not filled in.

Each antenna port of the first vertical beam configuration
540 has an analogous antenna port configured for the second
vertical beam configuration 544 sharing antenna elements
from a common column of antenna elements shared by the
two antenna ports. (Antenna ports X, and X, share column
550; X, and X, share column 552; X; and X, share column
554; X, and X, share column 556; X and X, ; share column
558; X and X, , share column 560; X and X 5 share column
562; and, X and X, ; share column 564.) The shared antenna
elements suggest that the differing vertical beam directions
can account for the dominant differences between pairs of
antenna ports with respect to channel information. However,
antenna elements need not be shared for differing vertical
beam directions to account for these major differences.

A pair of RS/CSI-RS resources on two different antenna
ports corresponding respectively to the first vertical beam
configuration 540 and the second vertical beam configuration
544, such as X, and X,, can be measured. An offset/beam-
forming gain, “c,” can be calculated by taking the difference
between measurements for the pair of RS/CSI-RS resources.
Since the different vertical beam directions can be predomi-
nantly responsible for the offset, the same offset/beamform-
ing gain can also account for differences at other antenna
ports. In some embodiments, the offset/beamforming gain
can be measured in decibels (dBs). However, the offset/beam-
forming gain can be measured in other ways, based on differ-
ences between measurements and can take positive or nega-
tive values.

Hence, with RS/CSI-RS resources for a full set of antenna
ports for one beam configuration, to account for differences
between pairs of antenna ports and a single RS/CSI-RS
resource for a second beam configuration, a virtual measure-
ment can be generated. The virtual measurement can provide
information for a channel response for the second beam con-
figuration for the full set of antenna ports, or any subset
thereof, even though just one RS/CSI-RS resource has been
provided for the second beam configuration.

For example, with respect to FIG. 5, a virtual measurement
for the entire second vertical beam configuration, in terms of
‘c,” the offset/beamforming gain calculated as the difference
between measurements of the pair of RS/CSI-RS resources
for antenna port X,, with respect to the first vertical beam
configuration 540 and antenna port X,, with respect to the
second vertical beam configuration 544. Such a virtual mea-
surement for the second vertical beam configuration, “v,,,,”
can be calculated as v,,,=[ X, +c (or X,), X,+c, X5+¢, X, +c,
Xs+c, Xgtc, X+, Xg+c] where X, X,, X5, Xy, X5, Xe, X5,
and X can be measured with respect to the first vertical beam
configuration.

In some examples, RS/CSI-RS resources can be provided
for one beam configuration for all possible antenna ports,
such as ports Xo, X, 0, X 15 X125 X35 X145 X 5, a0d X, ¢ forthe
second vertical beam configuration 544. A virtual measure-
ment can then be provided for any number of antenna ports for
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any number of different additional beam configurations, ver-
tical or otherwise, as long as at least one RS/CSI-RS resource
is provided for at least one antenna port for at least one
additional beam configuration. As a result, feedback over-
head can be greatly reduced, not just in terms of channel
measurement reports based on RS/CSI-RS resources, but also
in terms of the underlying RS/CSI-RS resources.

For example, with n+1 RS/CSI-RS resources and with n+1
reports, where n is equal to a maximum possible number of
antenna ports for a possible beam configuration, a virtual
measurement can be made for any number of antenna ports
for a second possible beam configuration. In the example
depicted in FIG. 5, n=8 because there are only eight potential
antenna ports. Therefore, with nine RS/CSI-RS resources, a
report can be made for any combination of the sixteen antenna
ports used for the two different vertical beam configurations.

The first UE 542 and/or the second UE 546 can receive
from the eNodeB 506 CSI-RS resources configured for a full
set of antenna ports (X, X,, X5, X,, X5, Xg, X5, Xg) (550a-
564aq) for a reference vertical beam configuration 540. The
first UE 542 and/or the second UE 546 can also receive a set
of additional CSI-RSs resources configured for at least one
subset (5505-5565) of a full set (5505-5645) of antenna ports
(e.g., X,) for at least one additional vertical beam configura-
tion 544. One or more UEs can measure reference channel
response information for the reference RS/CSI-RS resources
and additional channel response information for the set of
additional RS/CSI-RS resources.

The UEs can then calculate an offset/beamforming gain
between the reference vertical beam configuration 540 and at
least one of the set of additional vertical beam configurations
544 with the reference channel response information and the
additional channel response information. One or more of the
first UE 542 and/or the second UE 546 can report channel
response information for the reference vertical beam configu-
ration and a unit of virtual channel response information to
the eNodeB 506 for any combination of antenna ports for the
at least one of the set of additional vertical beam configura-
tions.

Alternatively, a UE can simply feedback measurements
and leave the calculation of an offset/beamforming gain and
the compensation procedure to the eNodeB 506. These
approaches can be applied to any number of beam configu-
rations generally, including horizontal beam configurations,
not just vertical beam configurations. Other consistent
examples for reducing RS/CSI-RS resources can be imple-
mented based on cross correlation measurements.

FIG. 6 depicts an example where cross-correlation can be
used to reduce channel measurement overhead. A portion ofa
coverage area 608 associated with an eNodeB 606 is
depicted. A beam direction geometry associated with a first
vertical beam configuration 640 is depicted as being directed
downward to a UE 642. Also depicted are a beam direction
geometry associated with a second vertical beam configura-
tion 644a and an additional reception area associated with a
second vertical beam configuration 6445.

Two different aspects of an 8x8 2D antenna array 648a,
6485 are depicted corresponding to different relationships
between vertical beam configurations, antenna ports, and
RS/CSI-RS resources, in an example where cross-correlation
can be used to reduce channel measurement overhead.
Although the antenna array is depicted as an array of 8x8
elements, as can be appreciated, other combinations are con-
sistent with additional examples.

As depicted with respect to the first aspect of the 2D
antenna array 648a, the first vertical beam configuration 640
can be configured for eight antenna ports (X, X,, X5, X,, X5,
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Xes X5, Xg), although other numbers of ports are possible,
where each antenna port corresponds to a column (650a-
664a) in the array. As indicated by each antenna element of
the eight columns corresponding to the eight antenna ports
being filled in, each antenna port can transmit its own
RS/CSI-RS resource. As depicted with respect to the second
aspect ofthe 2D antenna array 648a, the second vertical beam
configuration 644 is also configured for eight different
antenna ports (X, X, X1 1, X125 X135 X145 X150 X16)» sharing
common antenna elements.

However, with respect to the second vertical beam configu-
ration 644, RS/CSI-RS resources are provided for a partial
subset of the full set of antenna ports, namely, the four
antenna ports X, X4, X;;, and X,,. Therefore, just the
corresponding columns 6505-6565 are depicted as filled in.
Columns 6585-6465, which correspond to the antenna ports
for which RS/CSI-RS resources are not provided on the sec-
ond vertical beam configuration, namely, antenna ports X, 5,
X4 X5, and X ¢, are left blank.

Although the partial subset of antenna ports with RS/CSI-
RS resources for the second vertical beam configuration
includes four elements, other numbers of elements are pos-
sible. By calculating an offset/beamforming gain, “c” with
the eight RS/CSI-RS resources for the first vertical beam
configuration 640 and with the four RS/CSI-RS resources
from the second vertical beam configuration 644, channel
response information can be calculated for the four antenna
ports (X3, X4, X, 5, X, ) for the second vertical beam con-
figuration for which RS/CSI-RS resources are not provided.
Therefore, the overhead associated with channel information
feedback can be reduced, not only in terms of channel infor-
mation reports, but also in terms of the underlying RS/CSI-
RS resources. An additional cross-correlation approach for
calculating the offset/beamforming gain, “c,” is discussed
below.

As a first step in obtaining the offset/beamforming gain,
“c,” the vertical beamforming weights applied to the antenna
ports of the first vertical beam configuration can be transmit-
ted to the UE 642. In examples consistent with the 3GPP LTE
standards, the beamforming weights can be transmitted to the
UE 642 through Layer 1, Layer 2, and/or Radio Resource
Control (RRC) signaling. The beamforming weights can be
received by the UE and used by the UE to assist vertical
beamforming gain compensation, as described below.

Although the UE 642 is not located within the beam direc-
tion geometry of the of the second vertical beam configura-
tion 644a, the UE is located within the additional reception
area associated with a second vertical beam configuration
6445b. Therefore, the UE 642 can receive the set of CSI-RS
resources from antenna ports X, 5, X,,, X5, and X, 4, corre-
sponding to the second vertical beam configuration 644.

Based on the set of CSI-RS resources corresponding to the
second vertical beam configuration 644, the UE 642 can
determine beamforming weights for the second vertical beam
configuration 644. In examples consistent with the 3GPPLTE
standards, beamforming weights can be determined by mea-
suring additional channel response information for the set of
additional CSI-RSs. Based on the additional channel
response information, the UE can select an appropriate Pre-
coding Matrix Indicator (PMI). The UE can then use a code-
book, which can be common to a codebook at the eNodeB
606, to determine the beamforming weights, as indexed by
the PMI, for the second vertical beam configuration.

The UE 642 can then calculate a cross correlation between
the vertical beamforming weights and the beamforming
weights of the best vertical PMI. Once a cross correlation has
been calculated, the UE 642 can assign the offset/beamform-
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ing gain, “c,” based on the cross correlation. The offset/
beamforming gain can be assigned to a value equal to the
cross correlation between the vertical beamforming weights
of'the first vertical beam configuration and the beamforming
weights of the best vertical PMI for the second CSI-RS
resource. For example if the cross correlation is 0.5, the
offset/beamforming gain value can be 3 dB. The UE can
assign predetermined offset/beamforming gain value where
the cross correlation is equal to 0. A non-limiting example
provided by way of illustration for the offset/beamforming
gain value can be 10 dB.

Once the offset/beamforming gain, “c,” is calculated, a
virtual measurement can be made for one or more of the
antenna ports for which an RS/CSI-RS resource was not
provided. The virtual measurement can be made by adding
“c” to the measurement of a corresponding antenna port
belonging to the first vertical beam configuration for which an
RS/CSI-RS resource was provided, along the lines discussed
with respect to the preceding figure. One or more of such
measurements can then be reported to the eNodeB 606 by the
UE 642. In certain examples, these calculations can be per-
formed by the eNodeB.

FIG. 7 depicts the reporting of channel measurement feed-
back. An eNodeB 702 with a corresponding coverage area
704 is depicted in FIG. 7. The eNodeB can provide multiple
RS/CSI-RS resources in its transmissions. The UE 706 within
the coverage area of the eNodeB can make measurements on
those RS/CSI-RS resources with which to prepare a channel
information report 708. Channel State Information (CSI) in
the channel information report can accommodate vertical
spatial multiplexing.

In examples consistent with the 3GPP LTE standards, the
channel information report 708 can be a CSI-RS report that
can include various CSI message types. For example, in a first
potential case 710, the CSI-RS report can be configured with
respect to multiple antenna ports that comprise two or four
antenna ports for a PUCCH of mode 1-1. In such examples,
the CSI-RS report 712 to the eNodeB can comprise both a CSI
reporting type Sa message and a CSI reporting type 2 mes-
sage.

The CSI reporting type 5a message can carry an Rl and a
CSI-RS indicator. The CSI-RS indicator can recommend a
best CSI-RS resource based on a superior spectral efficiency.
Throughout this application, a best CSI-RS resource can be
correlated with a best beam configuration to which it belongs.
The CSI reporting type 5a can be a new CSI reporting type,
with a name consistent with the name conventions exempli-
fied in Section 7.2.2 of Technical Specification (TS) 36. 213
of Release 11 of the 3GPP LTE standards. However, since the
CSI reporting type 5a can be a new CSI reporting type,
throughout this application, the name CSI reporting type Sa
can be replaced with an alternative name as long as an RI and
a CSI-RS indicator are still carried by the message. The CSI
reporting type 2 message can be consistent with the CSI
reporting type 2 message discussed with respect to Section
7.2.2 of TS 36. 213 of the 3GPP LTE standards for any of
Releases 8 through 11. The CSI reporting type 2 message can
carry a PMI and a Channel Quality Indicator (CQI) for the
best CSI-RS resource recommended by the CSI-RS indicator.

Alternatively, for examples where the CSI-RS report can
be configured for two or four antenna ports for a PUCCH of
mode 1-1, the CSI-RS report 714 to the eNodeB 706 can
comprise both a CSI reporting type 3 message and a CSI
reporting type 2d message. The CSI reporting type 3 message
can be consistent with the CSI reporting type 3 message
discussed with respect to Section 7.2.2 of TS 36. 213 of the
3GPP LTE standards for any of Releases 8 through 11. The
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CSI reporting type 3 message can carry an RI. The CSI
reporting type 2d message can carry a CSI-RS indicator, a
PMI, and a CQI. The CSI reporting type 2d can be a new CSI
reporting type, with a name consistent with the name conven-
tions exemplified in Section 7.2.2 of TS 36. 213 of Release 11
of'the 3GPP LTE standards. However, since the CSI reporting
type 2d can be a new CSI reporting type, throughout this
application, the name CSI reporting type 2d can be replaced
with an alternative name as long as a CSI-RS indicator, a PMI,
and a CQI are still carried by the message.

Also, in a second potential case 716, the CSI-RS report can
be configured with respect to eight antenna ports for a
PUCCH of mode 1-1. In such examples, the CSI-RS report
718 to the eNodeB 706 can comprise both a CSI reporting
type Sa message and a CSI reporting type 2¢ message. The
CSI reporting type Sa message can carry an Rl and a CSI-RS
indicator. The CSI-RS indicator can recommend a best CSI-
RS resource based on a superior spectral efficiency. The CSI
reporting type 2¢ message can carry a first PMI, a second
PMI, and CQI for the best CSI-RS resource recommended by
the CSI-RS indicator. The CSI reporting type 2¢c message can
be consistent with the CSI reporting type 2c¢ message dis-
cussed with respectto Section 7.2.2 of TS 36. 213 of the 3GPP
LTE standards for any of Releases 10 through 11.

Alternatively, for examples where the CSI-RS report can
be configured for eight antenna ports for a PUCCH of mode
1-1, the CSI-RS report 720 to the eNodeB 706 can comprise
each of'a CSI reporting type 3 message, a CSI reporting type
2e message, and a CSI reporting type 4 message. The CSI
reporting type 3 message can carry an RI. The CSI reporting
type 2e message can carry a CSI-RS indicator, a first PMI, and
a second PMI for the best CSI-RS resource recommended by
the CSI-RS indicator. The CSI reporting type 2e can be a new
CSI reporting type, with a name consistent with the name
conventions exemplified in Section 7.2.2 of TS 36. 213 of
Release 11 of the 3GPP LTE standards. However, since the
CSI reporting type 2e can be a new CSI reporting type,
throughout this application, the name CSI reporting type 2e
can be replaced with an alternative name as long as a CSI-RS
indicator, a first PMI, and a second PMI for the best CSI-RS
resource are still carried by the message. The CSI reporting
type 4 message can carry a CQI. The CSI reporting type 4
message can be consistent with the CSI reporting type 4
message discussed with respect to Section7.2.2 of TS 36.213
of'the 3GPP LTE standards for any of Releases 8 through 11.

As an additional alternative (not depicted), for examples
where the CSI-RS report can be configured for eight antenna
ports for a PUCCH of mode 1-1, the CSI-RS report can
comprise both a CSI reporting type 5 message and a CSI
reporting type 2f message. The CSI reporting type 5 message
can carry an RI and a first PMI. The CSI reporting type 5
message can be consistent with the CSI reporting type 5
message discussed with respect to Section7.2.2 of TS 36.213
of'the 3GPP LTE standards for any of Releases 10 through 11.
The CSI reporting type 2f message can carry a CSI-RS indi-
cator, a second PMI for a best CSI-RS resource recommended
by the CSI-RS indicator, and a CQI. The CSI reporting type 2f
can be a new CSI reporting type, with a name consistent with
the name conventions exemplified in Section 7.2.2 of TS 36.
213 of Release 11 ofthe 3GPP LTE standards. However, since
the CSI reporting type 2f can be a new CSI reporting type,
throughout this application, the name CSI reporting type 2f
can be replaced with an alternative name as long as a CSI-RS
indicator, a second PMI for a best CSI-RS resource recom-
mended, and a CQI are still carried by the message.

As a further alternative (not depicted), the CSI-RS report
can comprise a type 5a message and a CSI reporting type 2b
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message. The CSI reporting type Sa message can carry an R,
afirst PMI, and a CSI-RS indicator. The CSI reporting type 2b
message can carry a second PMI for a best CSI-RS resource
recommended by the CSI-RS indicator and a CQI. The CSI
reporting type 2b message can be consistent with the CSI
reporting type 2b message discussed with respect to Section
7.2.2 of TS 36. 213 of the 3GPP LTE standards for any of
Releases 10 through 11.

In some examples, in a third potential case 722, the CSI-RS
report 722 can be configured with respect to multiple antenna
ports that comprise two or four antenna ports fora PUCCH of
mode 2-1. In such examples, the CSI-RS report can comprise
each of a CSIreporting type Sa message, a CSI reporting type
2 message, and a CSI reporting type 1 message. The CSI
reporting type Sa message can carry an RI and a CSI-RS
indicator. The CSI-RS indicator can recommend a best CSI-
RS resource based on a superior spectral efficiency. The CSI
reporting type 2 message can carry a PMI and a WBCQI for
the best CSI-RS resource recommended by the CSI-RS indi-
cator. The CSI reporting type 1 message can carry a sub-band
CQI. The CSIreporting type 1 message can be consistent with
the CSI reporting type 1 message discussed with respect to
Section 7.2.2 of TS 36. 213 of the 3GPP LTE standards for
any of Releases 1 through 11.

As an additional alternative (not depicted), for examples
where the CSI-RS report can be configured with respect to
multiple antenna ports that comprise two or four antenna
ports for a PUCCH of mode 2-1, the CSI-RS report can
comprise each of a CSI reporting type 3 message, a CSI
reporting type 2d message, and a CSI reporting type 1 mes-
sage. The CSI reporting type 3 message can carry an RI. The
CSI reporting type 2d message can carry a CSI-RS indicator,
a PMI, and a WBCQI for a best CSI-RS resource recom-
mended by the CSI-RS indicator. The CSI reporting type 1
message can carry a sub-band CQIL.

In certain examples (not depicted), the CSI-RS report can
be configured for eight antenna ports for a PUCCH of mode
2-1. In such examples, the CSI-RS report can comprise each
of'a CSI reporting type 2a message, a CSI reporting type 2b
message, a CSI reporting type 1 message, and a CSI reporting
type 6a message. The CSI reporting type 2a message can
carry a first PMI. The CSI reporting type 2a message can be
consistent with the CSI reporting type 2a message discussed
with respect to Section 7.2.2 of TS 36. 213 of the 3GPP LTE
standards for any of Releases 10 through 11. The CSI report-
ing type 2b message can carry a second PMI and a WBCQI.
The CSIreporting type 1 message can carry a sub-band CQI.
The CSI reporting type 6a message can carry an RI, a CSI-RS
indicator, and a PTI. The CSI reporting type 6a can be a new
CSI reporting type, with a name consistent with the name
conventions exemplified in Section 7.2.2 of TS 36. 213 of
Release 11 of the 3GPP LTE standards. However, since the
CSI reporting type 6a can be a new CSI reporting type,
throughout this application, the name CSI reporting type 6a
can be replaced with an alternative name as long as an R1, a
CSI-RS indicator, and a PTT are still carried by the message.

As an additional alternative (not depicted), for examples
where the CSI-RS report can be configured for eight antenna
ports for a PUCCH of mode 2-1, the CSI-RS report can
comprise each of a CSI reporting type 2g message, a CSI
reporting type 2b message, a CSI reporting type 1 message,
and a CSI reporting type 6 message. The CSI reporting type
2g message can carry a first PMI and a CSI-RS indicator. The
CSI reporting type 2g can be a new CSI reporting type, with
a name consistent with the name conventions exemplified in
Section 7.2.2 of TS 36. 213 of Release 11 of the 3GPP LTE
standards. However, since the CSI reporting type 2g can be a
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new CSI reporting type, throughout this application, the name
CSI reporting type 2g can be replaced with an alternative
name as long as a first PMI and a CSI-RS indicator are still
carried by the message. The CSI reporting type 2b message
can carry a second PMI and a WBCQI. The CSI reporting
type 1 message can carry a sub-band CQI. The CSI reporting
type 6 message can carry an Rl and a PTI. The CSI reporting
type 6 message can be consistent with the CSI reporting type
6 message discussed with respect to Section 7.2.2 of TS 36.
213 of the 3GPP LTE standards for any of Releases 10
through 11.

As yet an additional alternative (not depicted), for
examples where the CSI-RS report can be configured for
eight antenna ports for a PUCCH of mode 2-1, the CSI-RS
report can comprise each of a CSI reporting type 7 message,
a CSI reporting type 6 message, a CSI reporting type 2a
message, a CSI reporting type 2b message, and a CSI report-
ing type la message. The CSI reporting type 7 message can
carry a CSI-RS indicator and have a periodicity that is one of
equal to, or a multiple of, an RI periodicity to make use of a
relatively slow variability with respect to vertical CSI to
reduce overhead. The CSI reporting type 7 can be a new CSI
reporting type, with a name consistent with the name conven-
tions exemplified in Section 7.2.2 of TS 36. 213 of Release 11
of'the 3GPP LTE standards. However, since the CSI reporting
type 7 can be a new CSI reporting type, throughout this
application, the name CSI reporting type 7 can be replaced
with an alternative name as long as the message has the
attributes described above. The CSIreporting type 6 message
can carry an RI and a PTI for the recommended CSI-RS
resource. The CSI reporting type 2a message can carry a first
PMI. The CSI reporting type 2b message can carry a second
PMI and a WBCQI. The CSI reporting type 1 message can
carry a sub-band CQI.

In some examples (not depicted), the CSI-RS report can
comprise each of a CSI reporting type 7 message, a CSI
reporting type 3 message, and either a CSI reporting type 2
message and a CSI reporting type 2¢ message. The CSI
reporting type 7 message can carry a CSI-RS indicator that
can recommend a best CSI-RS resource based on a superior
spectral efficiency and can have a periodicity that is equal to,
or a multiple of, an RI periodicity to make use of a relatively
slow variability with respect to vertical CSI to reduce over-
head. The CSI reporting type 3 message can carry an RI for
the best CSI-RS resource recommended by the CSI-RS indi-
cator.

The CSI reporting type 2 message can carry a PMI and a
CQI for the best CSI-RS resource recommended by the CSI-
RS indicator and conditioned on the RI. In certain examples,
the UE 706 can send the CSI reporting type 2 message where
the CSI-RS report is configured with respect to multiple
antenna ports that comprise one of two and four antenna ports
for a PUCCH of mode 1-1. The CSI reporting type 2c mes-
sage can carry a first PMI, a second PMI, and a CQI for the
best CSI-RS resource recommended by the CSI-RS indicator
and conditioned on the RI. In some examples, the reporting
module can send the CSIreporting type 2¢ message where the
CSI-RS report is configured for eight antenna ports for a
PUCCH of mode 1-1.

FIG. 8A depicts Cyclic Delay Diversity and Rotation
matrices for optimizing downlink data transmission in a mul-
tiple antenna environment that supports three layers of spatial
multiplexing. To accommodate increased rank numbers asso-
ciated with the increased spectral diversity made possible by
an increased number of antenna elements at an eNodeB, UEs
can be configured with more than two receive antennas. In
such cases, it can be desirable to provide downlink transmis-
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sions, such as Physical Downlink Shared CHannel (PDSCH)
transmissions in examples consistent with the 3GPP LTE
standards, with more than two spatial multiplexing layers to
increase diversity and/or throughput.

A codeword, corresponding to a unit of DL transmission
data, such as a transport block, with error protection, can be
applied to each spatial multiplexing layer. As a compromise
between potential gains achievable by increasing a number of
codewords and increasing amounts of overhead associated
with increasing numbers of codewords, a wireless communi-
cation standard can set an upper limit to the number of avail-
able codewords. The 3GPP LTE standard limits the number of
available codewords to two for a single transmission instance
from an eNodeB. Therefore, codewords can be shared in
scenarios that capitalize on advantages of rank numbers
greater than 2, as is particularly likely to be the case in
scenarios employing vertical beamforming.

Potential diversity for rank numbers greater than two can
be harnessed by means of Cyclic Delay Diversity (CDD), a
technique previously reserved for open loop communications
that lack feedback. CDD can make use of a time delay, or
phase shift in the frequency domain, that results in a linearly
increasing phase shift with subcarrier frequency. The linearly
increasing phase shift with increasing subcarrier frequency
can be used to give each subcarrier a different beam pattern,
increasing diversity. By delaying each antenna port corre-
sponding to a different layer sharing a common codeword,
each layer sharing the common codeword can benefit inde-
pendently in the same way from CDD.

Additionally, power can be adjusted with respect to spatial
multiplexing layers sharing a common codeword. Such an
adjustment can be used to flatten the effective channel for the
codeword in such a way to increase the accuracy that can be
achieved for the single CQI provided for each codeword.
Implementation of such CDD and power adjustments within
acodeword divided among multiple layers can be achieved by
matrix-vector multiplication at a transmitting eNodeB.

Equation 1 in FIG. 8A depicts an exemplary matrix-vector
multiplication for an example with a rank number of 3. The
two codewords can be mapped to the three layer according to
Table 6.3.3.2-1 of Section 6.3.3.2 0f TS 36.211 of Release 11
of'the 3GPP LTE standards. According to Table 6.3.3.2-1 the
first codeword can be mapped to the first layer, and the second
codeword can be mapped to layers two and three.

Withrespect to Equation 1, a column vector, corresponding
to vector X in Equation 1, can be generated at an eNodeB with
symbols from each of the three layers, including multiple
symbols from the common second codeword, corresponding
to layers two and three, where the superscript on the elements
in vector x indicate to which of the three layers the elements
correspond. In Equation 1, i can be equal to an element in the
series 0, 1,.. ., MsymboZL“y‘”—l, to collect a symbol from each
layer. The vector x can be multiplied by the rotational matrix
U to adjust power, a CDD matrix D specific to a particular
value of 1 to provide diversity within the common codeword,
and a pre-coding matrix W, which can also be specific to a
particular value of i.

Equation 2 depicts the CDD matrix D specific to a particu-
lar value of i. As can be appreciated, matrix D can be a
diagonal matrix. Since the first two layers can have different
codewords according to Table 6.3.3.2-1, the first non-zero
elements in each of the first two columns can both have a
value of 1, preserving the first and second elements of vector
x. Since the second and the third layers, corresponding to the
second and third elements in vector X, can share a common
codeword according to Table 6.3.3.2-1, a phase shift, depend-
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ing on the value of i, can be applied to the third element of the
third column of D so that each layer can individually benefit
from CDD.

Equation 3 depicts a rotation matrix U that can be used to
adjust power. Since the first layer has a unique codeword,
adjustments can be overlooked, and the first element of the
first column of rotation matrix U can have a value of 1 to
preserve the first element of vector x. Since the bottom four
elements of rotation matrix U are non-zero, the second and
third elements of vector x can be combined in the second and
third layers, in keeping with the common codeword shared by
these layers by the elements in the second and third rows of
the second and third columns of matrix U. To flatten the
effective cannel for the common codeword, each of these final
four elements of rotation matrix U can be divided by the
square root of two with respect to voltage gain, corresponding
to dividing each of elements two and three in half with respect
to power.

Equation 4 provides a simplified version of Equation 1, in
which the product of vector x, matrix D, and matrix U are
combined in a single vectorr. Inboth Equation 1 and Equation
4, vector y corresponds to the output of the vector-matrix
multiplication, as may be received by one or more UEs with
appropriate considerations for channel and noise. The ele-
ments in vector r can correspond to one or more RSs. A
similar approach can be taken with examples having a rank
number greater than 3.

FIG. 8B depicts Cyclic Delay Diversity and Rotation
matrices for optimizing downlink data transmission in a mul-
tiple antenna environment that supports more than three lay-
ers of spatial multiplexing. Again, Table 6.3.3.2-1 can be used
to determine how the two codewords provided for in the
3GPP LTE standards can be divided between four to eight
layers. In Equation 5, an expandable column vector, corre-
sponding to vector X, is depicted.

The column vector x in Equation 5 can be expanded to
provide an element for each layer. As with Equation 1, in
Equation 5, the incremental variable i can equal an element in
the series 0, 1, .. ., MsymboZLay‘”—l to collect a symbol from
each layer. Again, the vector x can be multiplied by the
rotational matrix U to adjust power, a CDD matrix D specific
to a particular value of i to provide diversity within the com-
mon codeword, and a pre-coding matrix W, which can also be
specific to a particular value of i.

Equation 6 depicts an expandable CDD matrix D specific
to aparticular value of’i. As before, a phase shift depending on
the value ofi and corresponding to a delay in the time domain,
can be applied for each layer sharing a common codeword.
Where a codeword has more than two layers, additional phase
shifts, not shown, can be applied.

Equation 7 depicts an expandable rotation matrix U that
can be used to adjust power. Each block of two layers can be
assigned a corresponding sub-block in the matrix U. The size
of'such blocks can be increased, by increasing the number of
non-zero columns and rows by one for each new layer accord-
ing to the depicted pattern. Since the first layer has a unique
codeword, adjustments can be overlooked, and the first ele-
ment of the first column of rotation matrix U can have a value
of'1 to preserve the first element of vector x. Since the bottom
four elements of rotation matrix U are non-zero, the second
and third elements of vector x can be combined in the second
and third layers, in keeping with the common codeword
shared by these layers. To flatten the effective cannel for the
common codeword, each of these final four elements of rota-
tion matrix U can be divided by the square root of two with
respect to voltage gain, corresponding to dividing each ele-
ment in half with respect to power.
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Equation 8 provides a simplified version of Equation 1, in
which the product of vector x, matrix D, and matrix U are
combined in a single, expandable vector r. In both Equation 5
and Equation 8, vector y can again correspond to the output of
the vector-matrix multiplication, as may be received by one or
more UEs with appropriate considerations for channel and
noise. The elements in vector r can correspond to one or more
RSs. A similar approach can be taken with examples having a
rank number greater than 3. The preceding approaches
described with respect to FIG. 8 A and FIG. 8B can be applied
to both UE specific RSs and CRS based close loop beamform-
ing and can be applied to all manner of beamforming con-
figurations, including horizontal, vertical, and combinations
thereof of beam configurations.

FIG. 9 depicts a device 900, residing at a UE 904, for
reducing feedback overhead associated with multiple verti-
cally configured beams from a two-dimensional antenna
array for wireless communication. The device can comprise a
receive module 906, a selection module 908, a preparation
module 910, and a reporting module 912. The various mod-
ules can be communicatively coupled one to another.

The receive module 906 can be configured to receive mul-
tiple CSI-RS resources. A CSI-RS resource received by the
receive module can correspond to one of multiple vertical
beam configurations. In certain examples, the multiple verti-
cal beam configurations can be configured for the same num-
ber of ports and can share a common codebook at the UE. In
some examples, the multiple vertical beam configurations
corresponding to the multiple CSI-RS resources received by
the receive module can be transparent to the UE.

The selection module 908 can be configured to select a
subset of the multiple vertical beam configurations for which
to provide CSI-RS reports to reduce a number of CSI-RS
reports, leaving a set of non-selected CSI-RS resources unre-
ported. By selecting a subset of the multiple vertical beam
configurations, the selection module can avoid CSI-RS
reports for unselected vertical beam configurations, leaving a
set of non-selected CSI-RS resources unreported. In some
examples, the selection module can select the subset of the
multiple vertical beam configurations based on a superior
spectral efficiency.

The preparation module 910 can be configured to prepare
one or more CSI-RS reports for the subset of multiple vertical
beam configurations. The reporting module 912 can then send
the one or more CSI-RS reports to an eNodeB. Several dif-
ferent approaches can be taken to preparing and reporting the
CSI-RS report.

As with the CSI-RS report discussed with respect to the
preceding figure, FIG. 7, for examples consistent with the
3GPP LTE standards, the unit of virtual channel response
information can include various CSI message types. These
various CSI message types can be tailored to a number of
antenna ports and/or a PUCCH mode for which the unit of
virtual channel response information is configured. All of the
various scenarios for CSI message types that make up the
CSI-RS report, which can be based on antenna port numbers
and PUCCH modes, as discussed above, can also be applied
to make up the unit of virtual channel response information,
which can be sent as a series of such CSI message types.

FIG. 10 is a flowchart of a method 1000 for reducing
feedback associated with multiple vertical beams from a two-
dimensional antenna array for wireless communication. The
method can, but need not necessarily, be embedded in a
computer program product comprising a non-transitory com-
puter usable medium. The computer readable medium can
have a computer readable program code embodied therein.
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The computer readable program code can be adapted to be
executed to implement instructions for the method.

The method 1000 can comprise receiving 1010, at a UE
from an eNodeB, CSI-RS resources. The CSI-RS resources
can comprise reference CSI-RS resources configured for a
full set of antenna ports for a first vertical beam configuration.
The CSI-RS resources can also comprise a set of additional
CSI-RS resources configured for at least one subset of the full
set of antenna ports for a set of additional vertical beam
configurations. The set of additional beam configurations can
differ from the first vertical beam configuration.

Additionally, the method 1000 can comprise measuring
1020 reference channel response information for the refer-
ence CSI-RS resources for the first vertical beam configura-
tion. Additional channel response information can also be
measured 1020 for the set of additional CSI-RS resources for
the set of additional vertical beam configurations. One or
more offsets can be calculated 1030 between the first vertical
beam configuration and one or more of the set of additional
vertical beam configurations. The one or more offsets can be
calculated with the reference channel response information
and the additional channel response information.

Insome examples of the method 1000, calculating 1030 the
offset can further comprise calculating a difference between
the reference channel response and the additional channel
response information. In such examples, the reference chan-
nel response information can be for the reference CSI-RS
resources configured for the full set of antenna ports. The
additional channel response information can be for one of the
set of additional CSI-RS resources configured for a subset of
the full set of antenna ports. The offset can be measured in
decibels (dBs).

Certain examples of the method 1000 can further comprise
receiving vertical beamforming weights for the first vertical
beam configuration. The vertical beamforming weights can
bereceived over one of Layer 1 (1), Layer 2 (L2), and Radio
Resource Control (RRC) signaling in order to assist in verti-
cal beam forming gain compensation. A second set of CSI-RS
resources can also be received at a UE. The second set of
CSI-RS resources can be in the set of additional CSI-RS
resources that pertains to multiple antenna ports for multiple
vertical antenna elements. The multiple vertical antenna ele-
ments can belong to a single horizontal CSI-RS port of the
reference CSI-RS resources. Each vertical antenna element
can treated as a different port.

Such examples can further comprise selecting a best ver-
tical PMI for channel response information corresponding to
the second set of CSI-RS resources from the additional chan-
nel response information. Additionally, such examples can
comprise determining beamforming weights of the best ver-
tical PMI for the second CSI-RS resource. Further, a cross
correlation can be calculated between the vertical beamform-
ing weights of the first vertical beam configuration and the
beamforming weights of the best vertical PMI for the second
set of CSI-RS resources. Another step can involve assigning
the offset based on the cross correlation.

In certain examples, assigning the offset can further com-
prise assigning a value to the offset equal to the cross corre-
lation between the vertical beamforming weights of the first
vertical beam configuration and the beamforming weights of
the best vertical PMI for the second set of CSI-RS resources.
In such examples, a predetermined vertical beamforming
gain value can be assigned where the cross correlation is 0. A
non-limiting example of such a predetermined value, pro-
vided for purposes of illustration, can be 10 dB.

Some examples can further comprise calculating a unit of
virtual channel response information. The unit of virtual
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channel response information can be for a selected vertical
beam configuration of the set of additional vertical beam
configurations. The unit of virtual information can be calcu-
lated by adding the offset to at least one unit of channel
response information for at least one antenna port used by the
selected vertical beam configuration. The at least one unit of
channel response information can be measured with respect
to the reference CSI-RS resources for the first vertical beam
configuration on the at least one antenna port.

In such examples, the unit of virtual channel response
information can comprise one or more CQIs, one or more
PMIs, and/or one or more Rls. Additionally, such examples
can further comprise reporting the unit of virtual channel
response information to the eNodeB providing the reference
CSI-RS resources and the set of additional CSI-RS resources.
Several different approaches can be taken to preparing and
reporting the unit of virtual channel response information.

As with the CSI-RS report discussed with respect to the
preceding figure, FIG. 7, for examples consistent with the
3GPP LTE standards, the unit of virtual channel response
information can include various CSI message types. These
various CSI message types can be tailored to a number of
antenna ports and/or a PUCCH mode for which the unit of
virtual channel response information is configured. All of the
various scenarios for CSI message types that make up the
CSI-RS report, which can be based on antenna port numbers
and PUCCH modes, as discussed above, can also be applied
to make up the unit of virtual channel response information,
which can be sent as a series of such CSI message types.

FIG. 11 is a flowchart of a method 1100 for reducing a
signal differential between multiple spatial multiplexing lay-
ers transmitting a common codeword. The method can, but
need not necessarily, be embedded in a computer program
product comprising a non-transitory computer usable
medium. The computer readable medium can have a com-
puter readable program code embodied therein. The com-
puter readable program code can be adapted to be executed to
implement instructions for the method.

The method 1100 can comprise generating 1110 a column
vector, at an evolved Node B (eNodeB), with multiple sym-
bols from a common codeword. The column vector can have
alength equal to an RI. Each symbol in the column vector can
be assigned to a spatial multiplexing layer.

The column vector can be multiplied 1120 by a rotation
matrix. The rotation matrix can combine symbols from the
common codeword to equalize transmission signals among
the symbols from the common codeword. The equalization
can be performed to reduce differences arising from differing
characteristics in multiple spatial multiplexing layers for the
symbols from the common codeword.

In certain examples, the rotation matrix can combine sym-
bols within the column vector from the common codeword
while preventing a symbol from the column vector from a
different codeword from being combined with a symbol from
the common codeword. Also, in some examples, the rotation
matrix can combine symbols within the column vector for
each of two or more differing codewords while preventing
symbols from differing codewords from being combined.

Additionally, the method 1100 can comprise multiplying
1130 by a precoding matrix so that the symbols in the column
vector are prepared for transmission from the eNodeB to a
User Equipment (UE). In some examples, vertical beam
forming increases a number of spatial multiplexing layers
transmitted from the eNodeB. In many examples, the RI can
have a value greater than two.

Some examples can further comprise multiplying by a
Cyclic Delay Diversity (CDD) matrix to provide spatial



US 9,225,478 B2

25

diversity to symbols in the column vector. Certain examples
can further comprise including a Reference Signal (RS) in the
common codeword. In such examples, the RS can be either a
User-Equipment-specific RS (UERS) or a Cell-specific RS
(CRS). The RS can enable a more accurate calculation of a
CQI by a UE by reducing errors arising from differences in
spatial multiplexing layers.

In certain examples, the CDD matrix can combine symbols
within the column vector from the common codeword while
preventing a symbol from the column vector from a different
codeword from being combined with a symbol from the com-
mon codeword. Also, in some examples, the CDD matrix can
combine symbols within the column vector for each of two or
more differing codewords while preventing symbols from
differing codewords from being combined.

FIG. 12 provides an example illustration of a mobile
device, such as UE, an MS, a mobile wireless mobile device,
a mobile communication device, a tablet, a handset, or other
type of mobile wireless mobile device. The mobile device can
include one or more antennas configured to communicate
with a BS, an eNodeB, or other type of WWAN transmission
point. While two antennas are shown, the mobile device may
have between one and four or more antennas. The mobile
device can be configured to communicate using at least one
wireless communication standard including 3GPP LTE,
Worldwide interoperability for Microwave Access
(WiMAX), High Speed Packet Access (HSPA), Bluetooth,
WiFi, or other wireless standards. The mobile device can
communicate using separate antennas for each wireless com-
munication standard or shared antennas for multiple wireless
communication standards. The mobile device can communi-
cate in a Wireless Local Area Network (WLAN), a Wireless
Personal Area Network (WPAN), and/or a WWAN.

FIG. 12 also provides an illustration of a microphone and
one or more speakers that can be used for audio input and
output from the mobile device. The display screen may be a
Liquid Crystal Display (LLCD) screen, or other type of display
screen such as an Organic Light Emitting Diode (OLED)
display. The display screen can be configured as a touch
screen. The touch screen may use capacitive, resistive, or
another type of touch screen technology. An application pro-
cessor and a graphics processor can be coupled to internal
memory to provide processing and display capabilities. A
non-volatile memory port can also be used to provide data
input/output options to a user. The non-volatile memory port
may also be used to expand the memory capabilities of the
mobile device. Non-volatile memory can include a Solid
State Drive (SSD), Flash Random Access Memory (RAM),
and so forth. A keyboard may be integrated with the mobile
device or wirelessly connected to the mobile device to pro-
vide additional user input. A virtual keyboard may also be
provided using the touch screen.

It should be understood that many of the functional units
described in this specification have been labeled as modules,
in order to more particularly emphasize their implementation
independence. For example, a module may be implemented
as a hardware circuit comprising custom VLSI circuits or gate
arrays, off-the-shelf'semiconductors such as logic chips, tran-
sistors, or other discrete components. A module may also be
implemented in programmable hardware devices such as
field programmable gate arrays, programmable array logic,
programmable logic devices or the like.

Modules may also be implemented in software for execu-
tion by various types of processors. An identified module of
executable code may, for instance, comprise one or more
physical or logical blocks of computer instructions, which
may, for instance, be organized as an object, procedure, or
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function. Nevertheless, the executables of an identified mod-
ule need not be physically located together, but may comprise
disparate instructions stored in different locations which,
when joined logically together, comprise the module and
achieve the stated purpose for the module.

Indeed, a module of executable code may be a single
instruction, or many instructions, and may even be distributed
over several different code segments, among different pro-
grams, and across several memory devices. Similarly, opera-
tional data may be identified and illustrated herein within
modules, and may be embodied in any suitable form and
organized within any suitable type of data structure. The
operational data may be collected as a single data set, or may
be distributed over different locations including over different
storage devices, and may exist, at least partially, merely as
electronic signals on a system or network. The modules may
be passive or active, including agents operable to perform
desired functions.

Various techniques, or certain aspects or portions thereof,
may take the form of program code (i.e., instructions) embod-
ied in tangible media, such as floppy diskettes, CD-ROMs,
hard drives, Solid State Drives (SSD), flash RAM, or any
other machine-readable storage medium wherein, when the
program code is loaded into and executed by a machine, such
as a computer, the machine becomes an apparatus for prac-
ticing the various techniques. In the case of program code
execution on programmable computers, the computing
device may include a processor, a storage medium readable
by the processor (including volatile and non-volatile memory
and/or storage elements), at least one input device, and at least
one output device. One or more programs that may imple-
ment or utilize the various techniques described herein may
use an application programming interface (API), reusable
controls, and the like. Such programs may be implemented in
a high level procedural or object oriented programming lan-
guage to communicate with a computer system. However, the
program(s) may be implemented in assembly or machine
language, if desired. In any case, the language may be a
compiled or interpreted language, and combined with hard-
ware implementations.

Reference throughout this specification to “one embodi-
ment” or “an embodiment” means that a particular feature,
structure, or characteristic described in connection with the
embodiment is included in at least one embodiment of the
present invention. Thus, appearances of the phrases “in one
embodiment” or “in an embodiment” in various places
throughout this specification are not necessarily all referring
to the same embodiment.

As used herein, a plurality of items, structural elements,
compositional elements, and/or materials may be presented
in a common list for convenience. However, these lists should
be construed as though each member of'the list is individually
identified as a separate and unique member. Thus, no indi-
vidual member of such list should be construed as a de facto
equivalent of any other member of the same list solely based
on their presentation in a common group without indications
to the contrary. In addition, various embodiments and
example of the present invention may be referred to herein
along with alternatives for the various components thereof. It
is understood that such embodiments, examples, and alterna-
tives are not to be construed as defacto equivalents of one
another, but are to be considered as separate and autonomous
representations of the present invention.

Furthermore, the described features, structures, or charac-
teristics may be combined in any suitable manner in one or
more embodiments. In the following description, numerous
specific details are provided, such as examples of materials,
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fasteners, sizes, lengths, widths, shapes, etc., to provide a
thorough understanding of embodiments of the invention.
One skilled in the relevant art will recognize, however, that
the invention can be practiced without one or more of the
specific details, or with other methods, components, materi-
als, etc. In other instances, well-known structures, materials,
or operations are not shown or described in detail to avoid
obscuring aspects of the invention.

While the forgoing examples are illustrative of the prin-
ciples of the present invention in one or more particular appli-
cations, it will be apparent to those of ordinary skill in the art
that numerous modifications in form, usage and details of
implementation can be made without the exercise of inventive
faculty, and without departing from the principles and con-
cepts of the invention. Accordingly, it is not intended that the
invention be limited, except as by the claims set forth below.

What is claimed is:

1. A device for reducing feedback overhead associated with
multiple vertical beams from a two-dimensional antenna
array having a plurality of rows of antenna elements and a
plurality of columns of antenna elements for wireless com-
munication, comprising:

areceive module, at a User Equipment (UE), configured to

receive multiple Channel State Information-Reference
Signal (CSI-RS) resources, wherein a CSI-RS resource
corresponds to one of multiple vertical beam configura-
tions associated with the plurality of columns of antenna
elements; and

a selection module, at the UE, configured to select a subset

of multiple vertical beam configurations for which to
provide CSI-RS reports to reduce a number of CSI-RS
reports, leaving a set of non-selected CSI-RS resources
unreported; and

a preparation module, at the UE, configured to prepare at

least one CSI-RS report for the subset of multiple verti-
cal beam configurations; and

a reporting module, at the UE, to send the at least one

CSI-RS report to an evolved Node B (eNodeB), wherein
the two-dimensional antenna array, including the plural-
ity of rows of antenna elements and the plurality of
columns of antenna elements, is located at the eNodeB.

2. The device of claim 1, wherein the selection module
selects the subset of multiple vertical beam configurations
based on a superior spectral efficiency.

3. The device of claim 1, wherein:

the at least one CSI-RS report is configured with respect to

multiple antenna ports that comprise one of two and four

antenna ports for a Physical Uplink Control CHannel

(PUCCH) of mode 1-1; and

the reporting module reports the at least one CSI-RS report

by sending, to the eNodeB, one of:

both a CSI reporting type Sa message and a CSI report-
ing type 2 message, the CSI reporting type 5a message
carrying a Rank Indicator (RI) and a CSI-RS indicator
which recommends a best CSI-RS resource based on
a superior spectral efficiency, the CSI reporting type 2
message carrying a Precoding Matrix Indicator (PMI)
and a Channel Quality Indicator (CQI) for the best
CSI-RS resource recommended by the CSI-RS indi-
cator, and

both a CSIreporting type 3 message and a CSI reporting
type 2d message, the CSI reporting type 3 message
carrying an Rl the CSI reporting type 2d message
carrying a CSI-RS indicator, a PMI, and a CQI.
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4. The device of claim 1, wherein:
the at least one CSI-RS report is configured with respect to

eight antenna ports for a Physical Uplink Control CHan-
nel (PUCCH) of mode 1-1; and

the reporting module reports the at least one CSI-RS report

by sending, to the eNodeB, one of:

both a CSI reporting type Sa message and a CSI report-
ing type 2¢ message, the CSI reporting type Sa mes-
sage carrying a Rank Indicator (RI) and a CSI-RS
indicator which recommends a best CSI-RS resource
based on a superior spectral efficiency, the CSI report-
ing type 2¢ message carrying a first Precoding Matrix
Indicator (PMI), a second PMI and a Channel Quality
Indicator (CQI) for the best CSI-RS resource recom-
mended by the CSI-RS indicator; and

each of a CSI reporting type 3 message, a CSI reporting
type 2e message, and a CSI reporting type 4 message,
the CSI reporting type 3 message carrying an R1, the
CSI reporting type 2e message carrying a CSI-RS
indicator, a first PMI, and a second PMI for the best
CSI-RS resource recommended by the CSI-RS indi-
cator, and the CSI reporting type 4 message carrying
a CQL

5. The device of claim 1, wherein:
the at least one CSI-RS report is configured with respect to

eight antenna ports for a Physical Uplink Control CHan-
nel (PUCCH) of mode 1-1; and

the reporting module reports the at least one CSI-RS report

by sending, to the eNodeB, one of:

both a CSI reporting type 5 message and a CSI reporting
type 2f message, the CSI reporting type 5 message
carrying a Rank Indicator (RI) and a first Precoding
Matrix Indicator (PMI), the CSI reporting type 2f
message carrying a CSI-RS indicator, a second PMI
for a best CSI-RS resource recommended by the CSI-
RS indicator, and a CQI; and

both a CSI reporting type Sa message and a CSI report-
ing type 2b message, the CSI reporting type Sa mes-
sage carrying an RI, a first PML, and a CSI-RS indi-
cator, the CSI reporting type 2b message carrying a
second PMI for a best CSI-RS resource recommended
by the CSI-RS indicator and a CQIL.

6. The device of claim 1, wherein:
the at least one CSI-RS report is configured with respect to

eight antenna ports for a Physical Uplink Control CHan-
nel (PUCCH) of mode 1-1; and

the reporting module reports the at least one CSI-RS report

by sending, to the eNodeB, each of a CSI reporting type

7 message, a CSI reporting type 5 message, and a CSI

reporting type 2b message, wherein:

the CSI reporting type 7 message carries a CSI-RS indi-
cator and has a periodicity that is one of equal to and
a multiple of a Rank Indicator (RI) periodicity, mak-
ing use of a relatively slow variability with respect to
vertical CSI to reduce overhead,

the CSIreporting type S message carries an Rl and a first
Precoding Matrix Indicator (PMI) for a best CSI-RS
resource recommended by the CSI-RS indicator, and

the CSI reporting type 2b message carries a second PMI
and a Channel Quality Indicator (CQI) for the best
CSI-RS resource recommended by the CSI-RS indi-
cator and conditioned on the RI.

7. The device of claim 1, wherein:
the at least one CSI-RS report is configured with respect to

multiple antenna ports that comprise one of two and four
antenna ports for a Physical Uplink Control CHannel
(PUCCH) of mode 2-1; and
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the reporting module reports the at least one CSI-RS report
by sending, to the eNodeB, one of:
each ofa CSI reporting type Sa message, a CSI reporting
type 2 message, and a CSI reporting type 1 message,
the CSI reporting type 5a message carrying a Rank
Indicator (RI) and a CSI-RS indicator which recom-
mends a best CSI-RS resource based on a superior
spectral efficiency, the CSI reporting type 2 message
carrying a Precoding Matrix Indicator (PMI) and a
Wide Band Channel Quality Indicator (WBCQI) for
the best CSI-RS resource recommended by the CSI-
RS indicator, the CSI reporting type 1 message car-
rying a sub-band Channel Quality Indicator (CQI);
and
each of a CSI reporting type 3 message, a CSI reporting
type 2d message, and a CSI reporting type 1 message,
the CSI reporting type 3 message carrying a Rank
Indicator (RI), the CSI reporting type 2d message
carrying a CSI-RS indicator, a PMI, and a WBCQI for
a best CSI-RS resource recommended by the CSI-RS
indicator, the CSI reporting type 1 message carrying a
sub-band CQIL.
8. The device of claim 1, wherein:
the at least one CSI-RS report is configured with respect to
eight antenna ports for a Physical Uplink Control CHan-
nel (PUCCH) of mode 2-1; and
the reporting module reports the at least one CSI-RS report
by sending, to the eNodeB, one of:
each ofa CSI reporting type 2a message, a CSI reporting
type 2b message, a CSIreporting type 1 message, and
a CSI reporting type 6a message, the CSI reporting
type 2a message carrying a first Precoding Matrix
Indicator (PMI), the CSI reporting type 2b message
carrying a second PMI and a Wide Band Channel
Quality Indicator (WBCQI), the CSI reporting type 1
message carrying a sub-band Channel Quality Indi-
cator (CQI), and the CSI reporting type 6a message
carrying a Rank Indicator (RI), a CSI-RS indicator
and a Precoding Type Indicator (PTI), and
each of a CSI reporting type 2g message, a CSI reporting
type 2b message, a CSIreporting type 1 message, and
a CSI reporting type 6 message, the CSI reporting
type 2g message carrying a first PMI and a CSI-RS
indicator, the CSI reporting type 2b message carrying
a second PMI and a WBCQ, the CSI reporting type 1
message carrying a sub-band CQI, and the CSI report-
ing type 6 message carrying a Rank Indicator (RI) and
a PTL
9. The device of claim 1, wherein:
the at least one CSI-RS report is configured with respect to
eight antenna ports for a Physical Uplink Control CHan-
nel (PUCCH) of mode 2-1; and
the reporting module reports the at least one CSI-RS report
by sending, to the eNodeB, each of a CSI reporting type
7 message, a CSI reporting type 6 message, a CSIreport-
ing type 2a message, a CSI reporting type 2b message,
and a CSI reporting type 1a message, wherein:
the CSI reporting type 7 message carries a CSI-RS indi-
cator and has a periodicity that is one of equal to and
a multiple of a Rank Indicator (RI) periodicity, mak-
ing use of a relatively slow variability with respect to
vertical CSI to reduce overhead,
the CSI reporting type 6 message carries an RI, and a
Precoding Type Indicator (PTT) for the recommended
CSI-RS resource,
the CSI reporting type 2a message carries a first Precod-
ing Matrix Indicator (PMI),

10

15

20

25

30

35

40

45

50

55

60

65

30

the CSI reporting type 2b message carries a second PMI
and a Wide Band Channel Quality Indicator (WB-
CQI), and

the CSI reporting type 1 message carries a sub-band
Channel Quality Indicator (CQI).

10. The device of claim 1, wherein the reporting module
reports at least one CSI-RS report by sending, to the eNodeB,
each of a CSI reporting type 7 message, a CSI reporting type
3 message, and one of a CSI reporting type 2 message and a
CSI reporting type 2¢ message, wherein:

the CSI reporting type 7 message carries a CSI-RS indica-

tor that recommends a best CSI-RS resource based on a
superior spectral efficiency and has a periodicity that is
one of equal to and a multiple of a Rank Indicator (RI)
periodicity, making use of a relatively slow variability
with respect to vertical CSI to reduce overhead;

the CSI reporting type 3 message carries an RI for the best

CSI-RS resource recommended by the CSI-RS indica-
tor;

the CSI reporting type 2 message carries a Precoding

Matrix Indicator (PMI) and a Channel Quality Indicator
(CQI) for the best CSI-RS resource recommended by the
CSI-RS indicator and conditioned on the RI; and

the CSI reporting type 2¢ message carries a first Precoding

Matrix Indicator (PMI), a second PMI, and a Channel
Quality Indicator (CQI) for the best CSI-RS resource
recommended by the CSI-RS indicator and conditioned
on the RI.

11. The device of claim 1, wherein the multiple vertical
beam configurations have the same number of ports and share
a common codebook at the UE.

12. A method for reducing feedback overhead for multiple
vertical beams from a two-dimensional antenna array having
a plurality of rows of antenna elements and a plurality of
columns of antenna elements for wireless communication,
comprising:

receiving, ata User Equipment (UE) from an evolved Node

B (eNodeB):

reference Channel State Information-Reference Signal
(CSI-RS) resources configured for a first full set of
antenna ports for a first vertical beam configuration
associated with the plurality of columns of antenna
elements, and

a set of additional CSI-RS resources configured for at
least one subset of a second full set of antenna ports
for an additional vertical beam configuration associ-
ated with the plurality of columns of antenna ele-
ments, wherein the two-dimensional antenna array,
including the plurality of rows of antenna elements
and the plurality of columns of antenna elements, is
located at the eNodeB;

measuring reference channel response information for the

reference CSI-RS resources and additional channel
response information for the set of additional CSI-RS
resources; and

calculating an offset between the first vertical beam con-

figuration and the additional vertical beam configuration
with the reference channel response information and the
additional channel response information.

13. The method of claim 12, wherein calculating the offset
further comprises calculating a difference between the refer-
ence channel response information for the reference CSI-RS
resources configured for the first full set of antenna ports and
the additional channel response information for the set of
additional CSI-RS resources configured for the subset of the
second full set of antenna ports, where the offset is measured
in decibels (dBs).
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14. The method of claim 12, further comprising:

receiving vertical beamforming weights for the first verti-

cal beam configuration over one of Layer 1 (I.1), Layer
2 (L2), and Radio Resource Control (RRC) signaling in
order to assist in vertical beamforming gain compensa-
tion;

selecting a best vertical Precoding Matrix Indicator (PMI)

for the additional channel response information corre-
sponding to the set of additional CSI-RS resources;
determining beamforming weights of the best vertical
PMI,
calculating a cross correlation between the vertical beam-
forming weights and the beamforming weights of the
best vertical PMI, and

assigning the offset based on the cross correlation.

15. The method of claim 14, wherein assigning the offset
further comprises assigning a value to the offset equal to the
cross correlation between the vertical beamforming weights
of'the first vertical beam configuration and the beamforming
weights of the best vertical PMI for the second set of CSI-RS
resources, wherein a cross correlation of O results in assigning
a predetermined vertical beamforming gain value.

16. The method of claim 12, further comprising calculating
a unit of virtual channel response information for the addi-
tional vertical beam configuration by adding the offset to at
least one unit of channel response information measured with
respect to the reference CSI-RS resources for the first vertical
beam configuration for at least one antenna port.

17. The method of claim 16, further comprising reporting
the unit of virtual channel response information to the eNo-
deB.

18. The method of claim 17, wherein:

the unit of virtual channel response information is config-

ured with respect to multiple antenna ports that comprise

one of two and four antenna ports for a Physical Uplink

Control CHannel (PUCCH) of mode 1-1; and

reporting the unit of virtual channel response information

comprises sending one of:

both a CSI reporting type Sa message and a CSI report-
ing type 2 message, the CSI reporting type 5a message
carrying a Rank Indicator (RI) and a CSI-RS indicator
which recommends a best CSI-RS resource based on
a superior spectral efficiency, the CSI reporting type 2
message carrying a Precoding Matrix Indicator (PMI)
and a Channel Quality Indicator (CQI) for the best
CSI-RS resource recommended by the CSI-RS indi-
cator, and

both a CSIreporting type 3 message and a CSI reporting
type 2d message, the CSI reporting type 3 message
carrying an Rl the CSI reporting type 2d message
carrying a CSI-RS indicator, a PMI, and a CQI.

19. The method of claim 17, wherein:

the unit of virtual channel response information is config-

ured with respect to eight antenna ports for a Physical

Uplink Control CHannel (PUCCH) of mode 1-1; and

reporting the unit of virtual channel response information

comprises sending each of a CSI reporting type 7 mes-

sage, a CSI reporting type 5 message, and a CSI report-

ing type 2b message, wherein:

the CSI reporting type 7 message carries a CSI-RS indi-
cator and has a periodicity that is one of equal to and
a multiple of a Rank Indicator (RI) periodicity, mak-
ing use of a relatively slow variability with respect to
vertical CSI to reduce overhead,

the CSIreporting type S message carries an RI and a first
Precoding Matrix Indicator (PMI) for a best CSI-RS
resource recommended by the CSI-RS indicator, and
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the CSI reporting type 2b message carries a second PMI
and a Channel Quality Indicator (CQI) for the best
CSI-RS resource recommended by the CSI-RS indi-
cator and conditioned on the RI.
20. The method of claim 17, wherein:
the unit of virtual channel response information is config-
ured with respect to multiple antenna ports that comprise
one of two and four antenna ports for a Physical Uplink
Control CHannel (PUCCH) of mode 2-1; and
reporting the unit of virtual channel response information
comprises sending one of:
each of a CSI reporting type Sa message, a CSI reporting
type 2 message, and a CSI reporting type 1 message,
the CSI reporting type 5a message carrying a Rank
Indicator (RI) and a CSI-RS indicator which recom-
mends a best CSI-RS resource based on a superior
spectral efficiency, the CSI reporting type 2 message
carrying a Precoding Matrix Indicator (PMI) and a
Wide Band Channel Quality Indicator (WBCQI) for
the best CSI-RS resource recommended by the CSI-
RS indicator, the CSI reporting type 1 message car-
rying a sub-band Channel Quality Indicator (CQI);
and
each of a CSI reporting type 3 message, a CSI reporting
type 2d message, and a CSI reporting type 1 message,
the CSI reporting type 3 message carrying a Rank
Indicator (RI), the CSI reporting type 2d message
carrying a CSI-RS indicator, a PMI, and a WBCQI for
a best CSI-RS resource recommended by the CSI-RS
indicator, the CSI reporting type 1 message carrying a
sub-band CQIL.
21. The method of claim 17, wherein:
the unit of virtual channel response information is config-
ured with respect to eight antenna ports for a Physical
Uplink Control CHannel (PUCCH) of mode 2-1; and
reporting the unit of virtual channel response information
comprises sending one of:
each of a CSI reporting type 2a message, a CSI reporting
type 2b message, a CSI reporting type 1 message, and
a CSI reporting type 6a message, the CSI reporting
type 2a message carrying a first Precoding Matrix
Indicator (PMI), the CSI reporting type 2b message
carrying a second PMI and a Wide Band Channel
Quality Indicator (WBCQI), the CSI reporting type 1
message carrying a sub-band Channel Quality Indi-
cator (CQI), and the CSI reporting type 6a message
carrying a Rank Indicator (RI), a CSI-RS indicator
and a Precoding Type Indicator (PTI), and
each of a CSI reporting type 2g message, a CSI reporting
type 2b message, a CSI reporting type 1 message, and
a CSI reporting type 6 message, the CSI reporting
type 2g message carrying a first PMI and a CSI-RS
indicator, the CSI reporting type 2b message carrying
a second PMI and a WBCQJ, the CSI reporting type 1
message carrying a sub-band CQI, and the CSI report-
ing type 6 message carrying a Rank Indicator (RI) and
a PTL
22. The method of claim 17, wherein:
the unit of virtual channel response information is config-
ured with respect to eight antenna ports for a Physical
Uplink Control CHannel (PUCCH) of mode 2-1; and
reporting the unit of virtual channel response information
comprises sending each of a CSI reporting type 7 mes-
sage, a CSI reporting type 6 message, a CSI reporting
type 2a message, a CSI reporting type 2b message, and
a CSI reporting type la message, wherein:
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the CSI reporting type 7 message carries a CSI-RS indi-
cator and that has a periodicity that is one of equal to
and a multiple of a Rank Indicator (RI) periodicity,
making use of a relatively slow variability with
respect to vertical CSI to reduce overhead,

the CSI reporting type 6 message carries an RI, and a
Precoding Type Indicator (PTT) for the recommended
CSI-RS resource,

the CSI reporting type 2a message carries a first Precod-
ing Matrix Indicator (PMI),

the CSI reporting type 2b message carries a second PMI
and a Wide Band Channel Quality Indicator (WB-
CQI), and

the CSI reporting type 1 message carries a sub-band
Channel Quality Indicator (CQI).

23. The method of claim 17, wherein reporting the unit of
virtual channel response information comprises sending each
of a CSI reporting type 7 message, a CSI reporting type 3
message, and one of a CSIreporting type 2 message and a CSI
reporting type 2¢ message, wherein:

the CSI reporting type 7 message carries a CSI-RS indica-

tor that recommends a best CSI-RS resource based on a
superior spectral efficiency and has a periodicity that is
one of equal to and a multiple of a Rank Indicator (RI)
periodicity, making use of a relatively slow variability
with respect to vertical CSI to reduce overhead;

the CSI reporting type 3 message carries an RI for the best

CSI-RS resource recommended by the CSI-RS indica-
tor;

the CSI reporting type 2 message carries a Precoding

Matrix Indicator (PMI) and a Channel Quality Indicator
(CQI) for the best CSI-RS resource recommended by the
CSI-RS indicator and conditioned on the RI; and

the CSI reporting type 2c message carries a first Precoding

Matrix Indicator (PMI), a second PMI, and a Channel
Quality Indicator (CQI) for the best CSI-RS resource
recommended by the CSI-RS indicator and conditioned
on the RI.

24. A computer program product comprising at least one
non-transitory computer usable medium having a computer
readable program code embodied therein to implement
instructions for a method for reducing a power differential
between multiple spatial multiplexing layers transmitting a
common codeword, comprising:

generating a column vector, at an evolved Node B (eNo-

deB), with multiple symbols from a common codeword,
wherein the column vector has a length equal to a Rank
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Indicator (RI) and each symbol in the column vector is
assigned to a spatial multiplexing layer, wherein vertical
beam forming increases a number of spatial multiplex-
ing layers transmitted from the eNodeB and the vertical
beamforming is performed using an antenna array hav-
ing a plurality of rows of antenna elements and a plural-
ity of columns of antenna elements, wherein the two-
dimensional antenna array, including the plurality of
rows of antenna elements and the plurality of columns of
antenna elements, is located at the eNodeB;

multiplying the column vector by a rotation matrix,
wherein the rotation matrix combines symbols from the
common codeword to equalize transmission signals
among the symbols from the common codeword to
reduce differences arising from differing characteristics
in multiple spatial multiplexing layers for the symbols
from the common codeword; and

multiplying by a precoding matrix so that the symbols in
the column vector are prepared for transmission from
the eNodeB to a User Equipment (UE).

25. The computer program product of claim 24 further
comprising multiplying by a Cyclic Delay Diversity (CDD)
matrix to provide spatial diversity to symbols in the column
vector.

26. The computer program product of claim 25, wherein
the CDD matrix combines symbols within the column vector
from the common codeword while preventing a symbol from
the column vector from a different codeword from being
combined with a symbol from the common codeword.

27. The computer program product of claim 24, wherein
the rotation matrix combines symbols within the column
vector for each of at least two differing codewords while
preventing symbols from differing codewords from being
combined.

28. The computer program product of claim 24, further
comprising including a Reference Signal (RS) inthe common
codeword.

29. The computer program product of claim 28, wherein
the RS is one of a User-Equipment-specific RS (UERS) and a
Cell-specific RS (CRS), enabling a more accurate calculation
of' a Channel Quality Indicator (CQI) by a User Equipment
(UE) by reducing errors arising from differences in spatial
multiplexing layers.



